PHYSIOLOGY  OF  HEAT  REGULATION. 

and 

The  Science  of  Clothing 


L.  H.  NEWBURGH 


Kl-M  YSORL 


ere 

Physiology  of  he 


I  ‘  III 


V  , 


T"' 


ii 


4 


0 


» 


J, 


r 


♦, 


« 


r 


i 


% 


V 


..■*  ( 


A. 


I  .4 


I 


4 


4  V 


•« 


PHYSIOLOGY  OF  HEAT  REGULATION 

and 

The  Science  of  Clothing 

Prepared  at  the  Request  of  the  Division 
of  Medical  Sciences,  National  Research  Council 


;e5>< 


Edited  by  L.  H.  NEWBURGH,  M.  D. 

Professor  of  Clinical  Investigation,  The  Medical  School, 
University  of  Michigan 


ILLUSTRATED 


W.  B.  SAUNDERS  COMPANY 

Philadelphia  London  1949 


(o^  / 

L  j33c  1,2/0- 


CFTRI-MYSOF 

'  ' 
il  1 

i 

II  il 

III! 

III 

G56 

'-’hysioiogy  of  he 


Copyright,  1949,  by  W.  B.  Saunders  Company 


COPYRIGHT  UNDER  THE  INTERNATIONAL  COPYRIGHT  UNION 


All  Rights  Reserved 

This  book  is  protected  by  copyright.  No  part  of  it  may  be  duplicated 
or  reproduced  in  any  manner  without  written  permission  from  the 
publisher.  Made  in  the  United  States  of  America  at  the  Press  of 
W.  B.  Saunders  Company,  Philadelphia. 


CONTRIBUTORS 


Edward  F.  Adolph,  Pii.  I).  Professor  of  Physiology,  University  of 
Rochester,  Rochester,  N.  Y. 

H.  C.  Razett,  M.  1).,  1).  Sc.,  F.R.C.S.  (Eng.)  Professor  of  Physiology, 
University  of  Pennsylvania,  Philadelphia,  Pa.  ^ 

Harwood  S.  Relding,  Pii.  1).  Director,  Qiiarterinaster  Climatic  Research 
Laboratory,  Department  of  the  Army,  Lawrence,  ^Massachusetts 

'  Richard  Day,  M.  D.  Associate  Professor  of  Pediatrics,  College  of  Physicians 
and  Surgeons,  Columbia  Univ’ersity,  New  A"ork 

W.  H.  Forbes,  Ph.  I).  Director,  Lab.  of  Ind.  Physiology,  Graduate  School 
of  Rusiness  Administration,  Harvard  University,  Roston,  Alassachu- 
setts 

Lyman  Fourt,  Ph.  D.  Harris  Research  Laboratories,  Washington,  D.  C. 

James  I).  Hardy,  Ph.  D.  Associate  Professor  of  Physiology,  Cornell  Uni¬ 
versity  Medical  College 

Research  Associate,  Russell  Sage  Institute  of  Pathology,  The  New 
York  Hospital 

Research  Associate,  Sloan-Kettering  Institute  for  Cancer  Research, 
New  York 


Milton  Harris,  R.  Sc.,  Ph.  D.  President,  Harris  Research  Laboratories, 
^  iNashington,  D.  C. 

l.  1*.  Herrington,  Ph.  1).  Director  of  Heseareh,  Jolm  H.  l>ierce  FouiKla- 
tion  Laboratory  of  Hygiene:  Kesearcli  .\ssociate  I’rofessor,  Depart¬ 
ment  of  Pnblie  Health,  Vale  University,  New  Haven,  Connectient 

Sin  Robinson,  Ph.  D.  Professor  of  Physiology,  Iniliana  University,  Bloom- 
ington,  Jndiana 

^  "^^menf  Crm  Geographer,  Research  &  Develop¬ 

ment  Group,  Logistics  Division,  U.  S.  Army  General  Staff 

C.  Spealman,  Ph  D.  Medical  Service,  Aviation  Safety,  Civil  Aeronau¬ 
tics  Administration,  Washington,  1)  C 

Massa- 

-iRi^o- 

'““l"seL^o)Ti.rbhe’.taiH^^^ 


111 


^  t  ■  i 


•>  ^ 


<.•.1- 1> 


a; 


•■V  *_  ,'.  .if^.'r^  ■ 


■iSf*. 


‘T  '$  -i 


..  ..r  .TWr*  t  “ 

*lr  '>j:  -.  ■  -' 


■*~  * 


<•  fv  . 


<r-  I 


1;.  “.  -::;  ,  :* 


^  ■■  /  ■'■  V- 


<S/  '48 


I  * 


r  ’ 


I 


\ 


4  0 

«» 


(4 


r 


m 


jiji' 


fairs 


'M 


PREFACE 


In  earlier  wars,  the  generals  planned  their  campaigns  to  begin  when  the 
weather  would  not  be  a  serious  detriment.  In  World  War  II,  however,  the 
fighting  took  place  at  any  time,  regardless  of  intense  cold  and  deep  snow, 
sodden,  half-frozen  earth,  burning  desert  sunshine,  or  humid  tropical  heat. 
For  the  first  time,  aviators  in  significant  numbers  were  exposed  to  the  very 
low  temperatures  of  the  upper  air  and  to  sudden  immersion  in  fatally  cold 
water  when  they  were  shot  down.  In  this  war  the  complements  of  our  fight¬ 
ing  ships  were  so  greatly  increased  that  the  seaman  forced  into  the  water 
could  not,  as  in  the  past,  expect  to  board  a  life  boat.  Now,  if  fortunate,  he 
could  squirm  onto  a  float  which,  while  it  decreased  the  risk  of  drowning, 
did  not  protect  him  from  the  devastating  effects  of  cold  water.  This  was  the 
first  war  in  which  the  foot  soldier  often  carried  his  whole  equipment  on  his 
person  for  the  sake  of  greater  mobility.  The  limitations  thus  imposed  meant 
that  the  sleeping  gear  and  dry  clothing  formerly  brought  to  the  night  camp 
were  no  longer  available. 

To  do  its  part  in  meeting  these  climatic  problems,  the  Division  of  INIedical 
Sciences  of  the  National  Research  Council  created  a  small  committee  of 


civilians,  each  of  whom  was  familiar  with  one  or  more  phases  of  the  general 
problem.  These  men  were  requested  to  contribute  in  any  way  they  could 
toward  the  solution  of  the  many  climatic  hazards.  Clearly  the  civilians 
could  not  contribute  anything  until  the  officers  had  informed  them  of  the 
problem,  nor  were  the  civilians  in  a  position  to  decide  whether  any  sugges- 
inside  would  be  of  practical  military  value.  On  the  other  hand,  the 
civilians  had  laboratories  in  which  they  could  devote  their  whole  time  to  the 
experimental  study  of  a  problem,  whereas  many  of  the  officers,  although 
equally  capable  of  carrying  on  the  laboratory  investigation,  were  prevented 
from  doing  so  by  the  heavy  burden  of  military  duties.  In  some  instances  the 
necessary  facilities  did  not  exist  in  the  civilian  laboratory,  but  were  to  be 
had  in  a  military  one.  In  that  case,  the  civilian  was  made  a  welcome  worker 
m  the  military  establishment.  When  a  method  devised  in  the  laboratory 
seemed  to  have  merit,  a  practical  field  test  offered  the  opportunity  to  decide 
If  the  suggestion  had  military  value.  This  will  to  work  together  created  the 

u  ua  confidence  that  made  the  endeavor  a  success. 

*  list  of  the  governmental  agencies  under  whose  auspices  most  of  the 
work  was  undertaken  follows: 


1.  The  Office  of  Scientific  Hesearch  and  Development 

wr;tdiL7traLi'ksa 

The  Standards 

flnartermaster  GenTral. 


4. 
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PREFACE 


The  Canadian  government,  through  its  National  Research  (.'ouneil,  had 
created  a  committee  that,  like  tlieir  American  counterpart,  was  to  work  on 
problems  caused  by  adverse  climatic  conditions.  This  Canadian  committee 
antedated  the  American  one  by  a  considerable  period  of  time  because  of 
Canada's  earlier  entry  into  the  war.  As  .soon  as  the  American  grouj)  was 
established,  the  two  committees  worked  together  in  complete  harmony, 
using  each  others’  facilities  and  information  without  any  restrictions. 

In  addition  to  the.se  official  groups,  a  number  of  men  who  were  especially 
(pialified  to  study  certain  problems  were  asked  to  investigate  particular 
conditions,  d'hese  men  added  greatly  to  the  information  that  was  .so  urgently 
needed  and  sincere  thanks  for  their  help  is  gratefully  extended  to  them. 


i\Ian  is  in  j)ossession  of  an  elaborate  and  com])licated  meehani.sm  which 
keeps  his  internal  organs  at  a  nearly  constant  temperature.  This  im])lies 
that  heat  is  lost  by  the  organi.sm  at  the  rate  at  which  it  is  j)roduced.  The 
heat  is  carried  from  the  warmer  interior  to  the  cooler  body  surfaces  by  the 
blood  and  to  a  le.sser  extent  by  conduction  acro.ss  the  ti.s.sues.  It  is  di.s.sipated 
from  these  .surfaces  by  radiation,  convection  and  evai)oration  of  water.  The 
part  played  by  each  of  these  factors  and  their  integration  had  been  ade¬ 
quately  de.scribed  for  conflitions  which  in  retro.sj)ect  could  justifiably  be 
thought  of  as  moderate  or  median  states.  This  was  the  position  at  the  be¬ 
ginning  of  World  War  II. 

riie  members  of  the  committee,  while  recognizing  that  this  information 
formed  a  fundamental  basis  for  their  future  stiulies,  cjuickly  realized  that 
they  must  concentrate  upon  di.scovering  the  extreme  limits  of  this  mechan¬ 
ism.  riiey  must  determine  the  maximal  rate  of  heat  production  that  can  be 
endured  in  the  hottest  and  most  humid  environmeuts.  At  the  other  extreme, 
it  must  be  learned  how  long  survival  is  i)o.s.sible  in  cold  water  and  very  cold 
air,  and  to  what  extent  and  for  how  long  man  can  survive  in  the  cold 
increasing  his  production  of  internal  heat  through  muscular  acti\ity. 

It  was  common  knowledge  that  the  loss  of  heat  is  lessened  by  clothing, 
but  no  one  knew  how  much  protection  could  be  obtained  by  this  nieans. 
The  clothes  worn  by  man  were  dictated  by  custom  and  fashion.  Little 
thought  had  been  given  to  the  protective  possibilities  inherent  in  the  raw 
fibers  and  in  the  various  ways  they  could  be  combined  into  cloth.  Alight  not 
a  study  of  the  physical  (pialities  of  fabrics  form  a  basis  for 
textiles  that  were  better  heat  barriers  than  any  then  available,  ^^ha 
profitable  information  could  be  obtained  by  examining  the  clothing^aiul 
shelter  customs  of  groups  that  had  .survived  in  the  extremes  of  climate. 

This  l)ook  attempts  to  describe  the  responses  of  the  heat  regulatorj 
mechani.sni  to  the  whole  range  of  climatic  conditions  encountered  on  the 
earth’s  .surface.  It  emphasizes  the  maximal  capacity  ot  the  „ 

pre.scrve  life  under  the  most  adver.se  conditions  and  c.sbd)h.she.s  the  « 

this  capacity.  It  shows  how  far  the  rigors  of  unfavorable 
be  mitigated  by  .scientifically  de.signed  protective  coverings. 
does  not  a.ssunie  to  have  given  hnal  an.swers.  d  he  studies  are  being 

tinned  by  both  military  and  civilian  groups.  editor 
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CHAPTER  1 


ADAPTATIONS  TO  CLIMATE  AMONG  NON-EUROPEAN 

PEOPLES 


Fhkderick  R.  W  ULSIN 
INTRODUCTION 

A  full  discussion  of  folk  adaj)tations  to  climate  would  include  a  descrip¬ 
tion  of  every  culture  in  the  world,  at  least  in  its  material  aspect.  Such  a 
work  would  be  excessively  long,  and  of  doubtful  usefulness  to  the  readers 
f)f  this  book.  It  seems  best,  therefore,  to  confine  the  discussion  to  those 
jK^oples  who  encounter  severe  climatic  stress,  whether  of  cold  or  heat,  and 
to  treat  ])rimarily  those  as])ccts  of  culture  which  are  directly  related  to 
the  maintenance  of  thermal  ecpiilibrium:  housing,  heating  and  sleej)ing 
arrangements,  and  clothing,  and  to  some  extent  diet.  Nevertheless  all  the 
parts  ol  a  culture  are  related  to  each  other,  and  together  they  form  an 
integrated  whole,  which  must  be  apprehended,  vaguely  at  least,  before 
the  parts  can  become  intelligible.  For  that  reason  some  mention  will  be 
made  of  the  way  of  life  and  the  sources  of  livelihood  of  the  peoples  con¬ 
sidered;  still  Other  aspects  of  their  cultures  will  be  treated  as  may  be 
necessary  to  clarity  the  text,  or  to  illustrate  significant  princij)les. 

Ihere  are  two  factors  in  any  problem  of  adaptation  to  climate-  the 
nature  and  magnitude  of  the  climatic  stress,  and  the  resources  available 
to  nmet  It.  The  climates  of  the  regions  treated  in  this  paper  are  described 
briefly,  but  the  reader  must  turn  to  other  works  for  statistics  of  tempera¬ 
ture,  wind  and  precipitation.  Resources  and  what  is  done  with  them  are 
(lesc,;il>e,l  more  ful  y.  In  addition,  the  writer  has  tried  to  assess  the  success 
01  taiiiiie  of  the  ndaiitations  described,  for  one  cannot  t.ake  it  for  granted 
i.i  t  ail  I'l-nnitive  iiractices  and  devices  are  the  resnll  of  evolutionary  selec¬ 
tion  and  theretore  the  best  jiossible  under  tlie  circumstances^  Some 
pi.mtices  are  downright  deleterious,  yet  people  survive  in  spite  of  them 

so  nncrit'iealiy.  " 

thb'n'r'T'c'^"  outside  the  European  cultural  tradition  are  discussed  in 
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3.  Naked  peoples  exposed  lo  cold:  the  Fucgiaiis  and  the  Australian 
aborigines. 

II.  Adaptation  to  Heat 

4.  High  temperature  combined  with  high  radiation;  peoples  of  the 
Near  East  and  the  Sahara. 

5.  High  temperature  combined  with  high  humidity:  peoples  of  South¬ 
eastern  Asia  and  Central  America. 


ADAPTATION  TO  COLD 

There  are  two  sorts  of  adaptation  to  cold,  the  cultural  and  the  physio¬ 
logical.  This  paper  is  concerned  primarily  with  the  former,  but  the  latter 
also  deserves  attention.  For  this  reason,  observations  made  by  reliable 
investigators  on  the  resistance  of  Arctic  peo])les  to  cold  and  exposure  are 
reported.  A  brief  summary  of  the  study  of  aboriginal  resistance  to  body 
cooling,  which  was  made  in  Australia,  is  also  included. 

At  best,  however,  physiological  adaptation  accounts  for  but  a  small 
part  of  man’s  conquest  of  cold  climates.  IMost  of  the  ground  has  been  won 
by  developing  garments  and  habitations  which  reduce  body  heat  loss.  This 
constitutes  the  major  i)art  of  our  subject. 


CIRCUMPOLAR  PEOPLES 


The  primitive  peoples  who  live  nearest  the  North  Pole  give  an  extreme 
‘example  of  successful  adaptation  to  a  most  severe  environment.  In  both 
hemispheres,  they  live  far  north  of  the  zone  in  which  agriculture  is  possible, 
and  plant  resources  of  any  sort  are  restricted.  They  depend  upon  animal 
food,  whether  land  or  marine,  and  to  a  large  extent  upon  animal  fat  for 
fuel.  Population  is  exceedingly  sparse,  and  starvation  is  not  unknown.  The 
principal  difference  between  the  populations  of  the  New  \Norld  and  the 
Old,  in  this  zone,  is  that  the  former  live  by  hunting  and  fishing,  while  the 
latter  have  also  the  domesticated  reindeer. 

Since  their  means  of  subsistence  are  simpler,  it  will  be  convenient  to 
begin  with  the  circumyiolar  peoples  of  North  America.  Among  these,  we 
must  distinguish  between  the  Eskimo,  whose  ndaptation  to  environment 
is  almost  perfect,  and  the  most  northerly  Indians,  whose  adaptation  is 
very  inferior  to  that  of  the  Eskimo.  The  former  can  teach  us  many  lessons 
and  will  be  treated  at  some  length.  The  latter  serve  chiefly  as  an  example 
of  the  rigors  that  the  human  frame  can  endure.  They  will  be  mentioned 

only  incidentally. 


The  Eskimo 

Physically  the  Eskimos  belong  to  a  subdivision  of  the  yellow  race.  Their 
life  has  been  described  at  length  by  numerous  investigators.*  It  must 
suffice  here  to  describe  their  dress  and  habitations,  with  such  notes  on  their 

surroundings  as  will  make  the  material  intelligible.  p  xt  n  a 

Habitat.  The  Eskimos  live  all  along  the  northern  shore  of  North  Amer¬ 
ica  and  in  parts  of  the  Arctic  Archipelago,  from  Pering  Strait  to  Labrador 
and  Greenland.  While  as  a  whole  they  are  a  maritime  people  who  get  inuc  J 
of  their  food  from  the  sea,  their  range  extends  some  distance  inland 

*The  works  mentioned  in  the  bibliography  provide  a  useful  introdnetion  to  the  subject. 
Much  of  what  follows  is  drawn  from  Stefansson’s  Arctic  Manna  . 
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between  the  month  of  the  Coppermine  River  and  the  Western  shop  of 
Hudson  Bav,  A  few  live  near  East  Cape,  at  the  extreme  eastern  tip  of 
Siberia,  and  others  inhabit  the  west  coast  of  Alaska  as  far  south  as  the 
Alaska  peninsula.  Practically  all  of  this  region  lies  north  of  60  degrees 
north  latitude,  and  most  of  it  is  north  of  the  Arctic  Circle. 

Topography.  The  interior  of  Greenland  is  covered  by  a  domed  icecap 
several  thousand  feet  thick,  which  is  contained  between  coastal  mountain 
ranges.  It  is  fringed  by  a  narrow  coastal  strip  of  land,  widest  in  the  north, 
which  is  free  of  permanent  ice.  This  is  the  habitat  of  the  Greenland  Eskimo. 

The  numerous  islands  which  lie  north  of  the  American  continent  are 
known  colleetively  as  the  Arctic  Archipelago.  Some  mountains  and  small 
glaciers  are  found  on  these  islands,  but  no  permanent  icecap.  Along  the 
northern  coast  of  the  mainland  there  are  no  mountain  ranges,  and  no 
glaciers  of  importance,  until  Alaska  is  reached;  even  there  a  low  plain,  ice- 
free  in  summer,  fringes  the  northern  and  western  coasts.  Outside  of  Alaska 
the  northern  part  of  the  mainland  is  as  a  rule  fairly  level,  sometimes  hilly. 
Over  most  of  the  area  the  ground  is  frozen  to  a  depth  of  several  hundred 
feet,  and  thaws  for  only  a  few  inches  or  feet  at  the  surface  during  the 
summer.  As  a  result  there  is  no  underground  drainage,  and  the  surface, 
when  not  frozen,  is  covered  with  bogs  and  shallow  lakes.  The  shore  is  often 
rocky. 


Climate.  The  winters  in  this  Avhole  region  are  long  and  cold,  with  several 
months  of  twilight  or  darkness.  The  summers  are  short  and  sometimes  hot; 
spring  and  autumn  are  brief.  Precipitation  is  slight,  probably  not  over  8 
or  10  inches  per  annum,  and  is  heaviest  in  spring  and  summer.  Storms  are 
rare,  except  locally,  where  high  land  faces  open  sea.  Snow  lies  long  because 
of  scanty  evaporation,  but  is  rarely  deep.  Even  in  summer  most  of  the  sea 
is  covered  with  pack  ice,  formed  in  autumn,  winter  and  spring;  it  is  in 
motion  at  all  seasons,  with  leads  opening  and  closing  between  floes.  The 
thickness  frozen  in  a  single  year  may  amount  to  7  feet,  though  it  can  pile 
up  loeally,  under  the  influence  of  winds  and  currents,  to  much  greater 
thicknesses.  Sea  ice  frees  itself  gradually  from  salt,  and  when  a  year  old 
or  more,  it  can  be  melted  to  form  excellent  drinking  water. 

^  temperature  of  sea  Avater  in  the  Arctic,  near  the  surface,  is  27°  to 
3.  h .;  the  freezing  point  is  betAveen  27°  and  28°  E.  In  winter  the  pack  ice 
IS  niiieh  colder  than  the  Avater,  and  air  temperatures  above  the  ice,  or  on 
and  near  the  coast,  may  run  as  low  as  -50°  or  —55°  F.  Stefansson  gives 
he  temperature  range  for  Point  Barrow,  Alaska,  as  -56°  to  +76°  F. 
1  an  ,  ar  lower  temperatures  have  been  recorded:  —71°  F  at  Fort 

^oTo  Sr 

jngher  on  the  coast  and  higher  sti,‘  Z 'T 

-and  n,am,nnls  mcln.lc  tl.e  caril.ou,  polar  l.ear,  tvt.lf/fox  anTl.a,"'  I'VZh 
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lion  niouiitaiii  sheep  are  found  in  some  regions  and  mnsk  ox  in  others. 
Birds  are  abundant  at  some  places  and  seasons.  M  osscs,  lichens  and  flower¬ 
ing  j)lants  grow  vigorously  during  the  short  summer;  some  of  them  are 
edible,  but  there  are  no  domesticated  plants.  Insects,  especially  niosiiui- 
toes,  are  a  severe  {dague  in  summer. 

Eskimo  Culture.  The  Eskimo  has  develoiied  a  very  siiecialized  culture 
to  meet  this  difficult  environment.  lie  can  have  no  agriculture,  and  the 
dog  is  his  only  domestic  animal,  lie  is  a  hunter  by  necessity,  and  moves 
his  residence  in  accordance  with  season  and  food  supply.  The  seal,  the 
walrus,  and  the  caribou  are  generally  the  most  important  food  animals, 
but  this  varies  from  ])lace  to  place.  With  minor  exceptions  everything  is 
eaten.  Seal  blubber  is  used  for  fuel.  Wood  is  scarce,  for  over  most  of  the 
Eskimo  area  there  are  no  trees,  and  driftwood  is  not  available  everywhere. 
In  its  absence,  bone  supidies  the  framework  for  boats  and  sledges,  and 
whale  ribs  furnish  roof  beams.  There  is  a  little  native  iron  in  Greenland, 
and  native  copper  in  parts  of  Canada.  These  arc  beaten  into  knife  blades. 
Elsewhere  bone,  walrus  ivory  and  stone  have  to  serve,  and  soft  soapstone 
is  used  to  make  blubber  lamps  and  cooking  vessels.  Sinew  and  hide  jirovide 
thread,  thongs,  rojies  and  lashings.  Fur,  hide  and  gut  are  made  into  cloth¬ 
ing,  boots,  waterjiroofs,  boat  covers  and  tents.  Earth,  stone,  wood,  vvhale- 
bone  and  snow  serve  for  building  materials,  with  ice  or  gut  for  windows. 
\  coating  of  ice  is  us(“d  to  smooth  and  ])rotcct  sledge  runners.  IMoss 
supplies  lamp  wicks  and  diajiers,  and  is  placed  inside  footgear. 

Houses.  ^lost  Eskimos  migrate  seasonally  to  the  localities  most  fa\oi- 
able  for  hunting,  and  do  not  occupy  the  same  (luarters  throughout  the 
year.  Skin  tents  are  used  in  summer.  In  winter  the  Central  Eskimo  live  in 
domed  snow  huts,  Avhile  the  .\laska  and  Greenland  Eskimo  bnild  sunken 
houses  of  earth,  the  framework  being  of  wood  in  .\laska  and  of  stone  or  the 

bones  of  whales  in  Greenland.  •  i  hm 

The  basic  house  plan  seems  to  be  the  same,  whatever  the  material.  1  he 

house  is  low  and  round,  or  nearly  so,  usually  ten  or  twelve  feet  in  diameter. 
The  roof  is  alwavs  domed  in  the  snow  house;  flatter,  and  made  ot  Bun 
slabs  of  stone  in  Greenland,  or  of  timbers  or  whale  ribs  covered  with  walrus 
hide  elsewhere.  Sides  and  roof  are  banked  with  earth  or  snow  until  the 
desired  degree  of  insulation  is  secured.  One  enters  the  house  through  a  long 
tunnel,  sunk  in  the  ground  or  the  snow,  which  passes  under  a  wall  am 
opens  into  a  pit  in  the  floor.  The  top  of  the  entrance,  under  the  wa  1,  is 
,lelilicrately  kept  lower  than  the  floor  level  of  the  room.  On  " 

the  pit  arc  low  plalforms  for  bluhher  lamps  ami  camp  gear.  1  he  \\li(  le 
Imck  ,lrt  of  the  interior  is  ,lev„te,l  to  a  larger  an,l  st.ll  higher  platlorm. 

used  for  sitting,  eating  and  sleeping.  .,111 

Ventilation  in  sneh  a  hou.se  is  perfect.  Hot  a, r  escapes  through  snm 
apertures  in  the  roof,  which  can  he  sto|ipe(l  u,i  at  will.  Cold  air  ciiteis  ion. 
below  through  the  tunnel,  which  often  has  no  door.  It  can  eiitei  only 
ast  as  the  escape  of  hot  air  makes  room  for  it.  liising.  the  cold  , air  spreads 
‘  owW  withouJ  noticeable  draft.  II  is  healed  at  the  level  of  the  blub  e. 
lamps,’ and  is  at  a  comfortable  temperature  by  the  tunc  it  reac  les  it 

occmiants  of  the  house,  who  are  seated  on  ■'  ^1'"'*’'’^^^  p,ki 
Stefamsson  describes  indoor  conditions  as  follows.  When  an 


Eskimo 
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comes  into  such  a  lioiise  as  the  one  in  wliich  I  lived  in  1906—11)07,  he  strips 
off  all  clothing  immediately  upon  entering,  except  his  knee  breeches,  and 
sits  naked  from  the  waist  up  and  from  the  knees  down.  Cooking  is  con¬ 
tinually  going  on  during  the  day  and  the  house  is  so  hot  that  great  streams 


PLAN 


VENTI L ATOR 


I'ig.  1.  Schematic  drawing  of  Eskimo  house. 


of  persjiiration  run  down  the  face  -nnl  ^  ^  • 

being  continually  mopi)ed  up  with  Inndfiil 

according  to  later  custom  witli  l.nil  i  ot  moss  or  ot  excelsior,  or, 

after  cn,r„f  ice  tva^  4  ido I  t  '’""king  of  cup 

tc.  or  fifteen  degrees  limxr  or  i  b  r"''’"''  '“  >>«  onll 

g  e, ,  o.  ,t  a  drops  more,  people  will  cover  up  with 
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fur  robes  instead  of  sleejiing  nearly  uncovered,  thus  keeping  up  the  heat 
of  the  air  that  is  in  actual  contact  with  the  body.* 

Some  special  points  deserve  notice.  The  living  quarters,  where  jieople 
sit  or  sleep,  must  be  above  the  top  of  the  tunnel  entrance,  and  there  must 
be  a  controlled  outlet  for  hot  air  in  the  roof,  if  ventilation  is  to  be  gentle 
and  even.  The  pit  at  the  tunnel  entrance  furnishes  cold  storage  for  any¬ 
thing  which  must  be  kept  frozen,  and  gives  convenient  garbage  disjiosal, 
as  whatever  is  thrown  there  promptly  freezes.  The  floor  of  the  pit,  and  the 
sleeping  platform,  must  be  insulated  to  avoid  the  radiation  exchanges 
which  would  take  place  if  they  presented  very  cold  surfaces  to  the  house 
interior;  this  may  be  done  by  covering  them  with  sjilit  logs,  snow,  grass, 
or  caribou  skins.  The  sleeping  iilatform  of  the  snow  house  must  also  be 
kept  from  melting  under  the  sleejiers;  here  several  caribou  skins,  the  low¬ 
est  laid  hair  down,  are  sufficient. 

The  domed  snow  house  appears  to  be  an  original  Eskimo  invention.  Its 
construction  and  use  have  been  described  in  detail  by  Stefansson  in  his 
Arctic  ]\Ianual.  It  is  satisfactory  only  in  very  cold  weather,  for  when  the 
outside  temperature  reaches  -{-10°  or  -|-2U°  F.,  the  body  heat  of  the  occu¬ 
pants  may  make  the  roof  melt. 

Heating  of  Homes.  Seal  blubber,  which  can  be  burned  without  smoke 
or  soot  in  a  stone  lamj),  makes  the  perfect  fuel  for  heating  and  lighting 
houses  of  the  type  that  has  been  described.  ^Yhere  Eskimos  live  away 
from  the  sea  no  blubber  is  available.  In  the  interior  of  northern  Alaska 
they  build  a  fire,  presumably  of  wood,  at  a  fireplace  surrounded  by  stones 
in  the  middle  of  the  room,  and  ojien  a  skin  window  in  the  roof  to  let  the 
smoke  escape.  When  the  house  is  warm  enough  or  the  cooking  is  finished 
the  remains  of  the  fire  are  thrown  out  of  doors  and  the  window  is  closed. 
The  hot  stones  of  the  fireplace  radiate  heat  to  the  room  for  several  hours. 

The  Inland  Eskimo  in  the  Barren  grounds,  south  of  King  William  Land, 
near  the  Back  or  Great  Fish  River,  are  ill  situated  for  obtaining  fuel.  They 
never  go  down  to  the  coast,  so  have  no  blubber,  and  they  also  lack  wood. 


Rasmussen, t  who  visited  them,  says  “They  use  tallow  in  place  of  blubber 


for  their  lamps,  that  is,  for  lighting  purposes;  for  cooking  and  heating  they 
use  lichen  and  moss  and  a  kind  of  heather.  As  a  matter  of  fact,  there  is 
very  little  cooking  done,  most  of  their  food,  both  fish  and  meat,  being  eaten 
raw.  Also,  they  dry  their  wet  clothes  on  the  body.  The  temperature  here 


t  From  Across  Arctic  America,  by  Kn 
Sons.  Courtesy  of  G.  P.  Putnam’s  Sons. 
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or  whale  bones.  The  shape  and  interior  arrangement,  in  Greenland  at  least, 
are  very  like  those  of  the  dwelling  used  in  winter. 

The  Eskimo  winter  house  and  the  snow  hut  are  examples  of  perfect 
adaptation  to  environment.  j\Iany  primitive  peoples  fail  to  do  as  well.  The 
•4thabascan  Indians  near  Great  Hear  Lake,  who  live  in  just  as  severe  a 
climate  as  the  Eskimo,  formerly  inhabited  conical  Indian  tipis,  covered 
with  caribou  skins,  even  in  winter.  These  dwellings  were  cold,  drafty  and 
smoky.  Stefansson  has  described  this  people’s  clothing  and  habitation  as 
follows: 


Tlie  Indians  (other  than  the  Eskimo  or  Eskimo-Indians)  like  Europeans,  generally  wear 
clothing  ill-suited  for  keeping  the  body  warm.  The  most  northerly  of  the  Athabasca  Indians, 
for  instance,  appear  to  suffer  a  great  deal  from  cold. 

One  winter  I  traveled  about  for  several  months  with  the  Dog-Rib  and  Yellow  Knife 
Indians.  I  found  they  were  so  poorly  clad  that  during  the  day  when  out  of  doors  they  had 
to  be  continually  moving,  for  if  they  stopped  for  even  half  an  hour  at  a  time  they  became 
so  chilled  that  their  hands  became  numb.  The  Indians  are  really  in  continual  fear  a  large 
part  of  the  winter  of  ever  ceasing  from  active  motion  when  out  of  doors.  In  the  evening 
their  wigwams  are  cheerful  with  a  roaring  fire  but  by  no  means  comfortable,  for  while  your 
face  is  almost  scorched  with  the  heat  of  the  flames,  your  back  has  hoarfrost  forming  upon  it. 
At  night  the  Indians  go  to  sleep  under  their  blankets,  covering  up  their  heads  and  shivering 
all  night  so  the  blankets  shake.  .  .  .  But  when  you  go  north  from  the  Slavey  and  Dog-Rib 
Indians  to  the  Eskimo  country  the  conditions  suddenly  change.  A"ou  are  now  in  contact  with 
a  people  who  have  (or  had,  till  they  became  ‘civilized’)  a  system  of  living  almost  perfectly 
adapted  to  a  cold  climate,  while  the  northern  Indians  have  a  system  almost  unbelievably 
ill-adapted  to  the  conditions  in  which  they  live.* 


Clothing.  Eskimo  clothing  has  always  been  made  of  skins  and  furs, 
primarily  because  these  were  the  only  materials  available.  The  experience 
of  explorers  has  shown  that  they  are  also,  by  and  large,  the  best  materials, 
when  comfort  and  warmth  for  weight  are  the  criteria.  They  require  skilled 
making  and  skilled  repair,  as  well  as  a  certain  wisdom  in  use,  which  has  to 
be  learned.  Besides  suitable  clothing,  the  Eskimo  have  also  developed 
excellent  slit  goggles,  used  to  prevent  snow  blindness. 

The  winter  costume,  for  both  men  and  women,  consists  of  two  layers: 
outside  a  long  loose  hooded  shirt,  trousers,  boots  and  mittens,  worn  with 
the  hair  out  and  inside  these  an  undershirt,  drawers  and  socks  worn  with 
the  hair  m  Caribou  skin  is  the  most  widely  used  material  for  both  layers 
mid  probably  the  best,  but  others  are  often  substituted.  The  Eskimo  of 
Noithwest  Greenland,  for  instance,  wear  undershirts  of  birdskin  (auk  or 

ox  tui  if  they  are  women.  Sealskin  is  much  used  almost  everywhere 

espeeially  for  outer  garments  and  boots.  It  is  not  so  warm  as  caribou  but 
stiongei  and  more  waterproof.  ’ 

Boots  are  made  in  a  number  of  styles  and  materials  according  to  the 
purpose  they  are  to  serve.  The  preferred  boot  for  use  o„“has  ‘Ve  ' 
of  caribou,  hair  out,  with  a  sole  of  bull  caribou  hair  in-  for  use  on  Ini'?! 
same  boot  is  made  with  a  sole  of  the  skin  of  the  iiearded’seal  In  rithe 

Compaiiv  ^1.  MacmiHai. 
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may  be  substituted.  For  true  water  boots,  even  if  of  sealskin,  the  hair  of 
the  uppers  nmst  be  removed,  or  it  must  be  turned  in  and  the  outside  given 
a  coat  ot  grease.  Eskimo  lioots  are  often  used  with  a  pad  of  dry  grass  or 
moss  between  l)oot  and  sock,  for  added  warmth.  Similar  pads  are  .some¬ 
times  used  also  inside  mittens.  The  liest  Eskimo  boots  are  waterproof, 
but  only  when  dampened  in  adx  ance,  for  moisture  is  necessary  to  swell  the 
sinew  with  which  they  are  sewn  until  it  fills  the  needle  holes. 

i  .s‘c  of  (  lathing .  Eskimo  clothing  is  tailored  to  fit  the  bodj’,  but  fits  very 
loosel\  .  Shirt  and  undershirt  are  worn  hanging  outside  the  trousers,  and 
are  gathered  at  the  waist  with  a  belt  when  warmth  is  desired.  To  cool  off 
one  begins  by  loosening  this  belt,  taking  off  the  mittens,  and  throwing 
liack  the  hood;  the  next  step  is  to  take  off  the  garment. 

hen  a  man  stands  still  in  the  cohl,  it  is  customary  to  draw  the  arms 
in  close  to  the  body,  leaving  the  sleeves  cni])ty,  and  tlie  shirt  is  cut  loose 
enough  to  make  this  jiossible. 

1  he  management  of  Eskimo  clothing  in  the  pre.scnce  of  moisture  de¬ 
mands  special  precautions.  Wet  clothes  lose  part  of  their  value  as  insula¬ 
tion;  consequently  it  is  important  to  avoid  sweating  into  the  garments, 
and  the  Eskimos  habitually  loosen  their  clothing  when  at  work  out  of 
doors,  or  take  part  of  it  off,  to  avoid  the  apiiearance  of  sensible  jierspira- 
tion.  They  strip  when  indoors,  for  the  same  reason,  and  often  sit  almost 
naked  when  the  temperature  of  the  house  is  high.  Clothing  must  be  kept 
dry  when  not  in  use,  as  the  hair  will  slip  if  it  is  allowed  to  remain  both 
warm  and  wet.  In  addition,  bacterial  action  starts  after  two  or  three  days, 
under  conditions  of  warmth  and  moisture,  causing  the  skin  to  rot.  There¬ 
fore  all  articles  made  of  skin  must  be  dried  after  a  wetting,  and  kept  dry 
when  not  in  use,  whether  they  have  hair  on  them  or  not. 

Further  details  on  the  suitability  of  various  materials  for  clothing,  and 
the  proper  ways  of  using  and  caring  for  the  garments,  will  be  found  in 
Stefans.son’s  Arctic  Manual,  from  which  the  foregoing  discussion  has  been 
drawn. 

Ornamentation  of  Eskimo  clothing  is  by  trimming  with  fur  of  different 
colors  or  with  beads,  and  is  beautifully  done,  ^^hile  the  basic  garments  of 
men  and  women  are  alike,  differences  in  cut  distinguish  the  co.stunies  of 
the  two  sexes.  Styles  vary  also  from  tribe  to  tribe.  The.se  variations  must 
be  ascribc'd  largely  to  coiiN'cntion  and  fashion. 

Sleeping  Arrangements .  d'he  writer  has  not  been  able  to  find  detailed 
descriptions  of  Eskimo  sleeping  arrangements  in  the  literature,  d  here 
seems  to  be  no  quc.stion  that  cariliou  skins  are  u.sed  for  insulation  under 
the  sleepers.  From  the  quotation  given  below,  it  would  seem  that  .sleeping 

bags  would  usually  be  unnecessary.  .  .  , 

In  the  course  of  a  discu.s.sion  of  the  early  age  at  which  Eskimo  girls  reacli 

sexual  maturity,  Stefansson  remarks: 

'I'o  all  intents  and  purpo.ses  the  typieal  Eskimo  known  to  me  lives  nn.ler 
tropical  conditions  (or  at  least  di.l  .so  nntil  the  last  few  years).  * 

recorded  the  e.stimate  that  the  average  temperatnre  w.lhm  doors  of  he  Eskimo  Im m 
which  I  lived  at  the  month  of  the  Mackenzie  Hiver.  was  a  good  deal  above  HO  1.,  am  Ire 
fluently  rose  to  00°  E.  From  the  point  of  view  of  tho.se  who  spent  most  of  the  winter  m<  oor^ 
in  that  house,  it  was  a  matter  of  no  consequence  that  the  temperature  was 
or  fifty  degrees  below  zero  outdoors,  when  the  outdoor  air  seldom  came  m  contact  xMth 
their  bodies.  And  even  when  these  people  went  out.  the  cold  air  did  not  have  a  cluiiic 
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come  In  contact  with  them  except  for  the  limited  area  of  the  face.  When  an  hskiino  is  well 
dressed,  his  two  layers  of  fur  clothing  imprison  the  body  heat  so  effectively  that  the  air  in 
actual  contact  with  his  skin  is  always  at  the  temperature  of  a  tropical  summer.  It  is  true, 
therefore,  that  while  an  Eskimo  is  indoors  his  entire  body  is  exposed  to  a  local  climate  as 
vv'arm  as  that  of  Sicily,  and  when  he  is  outdoors  he  carries  that  climate  about  with  him 
inside  of  his  clothes  ami  applicable  to  !K)  or  95  per  cent  of  his  body  area.* 

Comment,  Eskimo  houses  and  clothiiio  display  an  almost  perfect 
adaptation  to  what  is  jirohably  the  world’s  most  severe  environment. 
Eskimo  weapons,  boats  and  sledges  are  equally  remarkable.  IMuch  could 
also  be  said  about  the  apjiarent  usefulness  of  their  somewhat  anarchic 
social  institutions,  which  allow  great  scope  for  individual  initiative  in  the 
search  for  game,  in  family  arrangements,  and  so  on,  and  which  permit 
drastic  action  to  end  the  lives  of  people  who  are  a  perpetual  nuisance,  or 
who  have  become  a  burden  to  themselves  or  to  others. 

It  would  be  a  mistake,  however,  to  assume  that  among  the  Eskimo 
utility  rules  without  rival.  Convention  and  fashion  are  powerful  forces  in 
the  Arctic,  as  elsewhere,  and  sometimes  work  to  the  people’s  disadvantage. 
The  Central  Eskimos  have  a  tabu  against  mixing  land  and  sea  food,  or 
even  articles  connected  with  them.  The  women  of  East  Greenland  wear 
very  short  breeches,  which  do  not  meet  their  boots,  and  leave  two  thirds 
of  the  thigh  entirely  uncovered.  If  these  practices  have  any  utility,  which 
is  doubtful,  it  is  of  a  psychological  rather  than  a  physical  order. 


Tribes  of  N ortheastern  Siberia 

The  tribes  of  Northeasteni  Siberia  have  been  selected  for  description, 
rather  than  the  somewhat  similar  populations  which  live  west  of  the  Lena 
River,  for  two  reasons.  First,  there  are  admirable  monographs  from  which 
descriptions  can  be  drawn.  Second,  these  tribes  have  been  less  under 
Russian  influence  than  others,  because  they  are  more  remote  from  Russia 
so  that  more  of  their  native  culture  has  survived.  Moreover,  the  part  inav 
veil  stand  for  the  whole,  as,  with  minor  exceptions  which  will  be  noted, 
the  aboriginal  hou.ses  and  clothing  used  in  Central  and  Western  Siberia 
are  like  those  ot  the  far  Northeast,  or  at  least  are  based  on  the  same 
principles  and  recombine  the  same  elements. 

Climate  and  Topography.  Climatic  conditions  in  the  Siberian  part  ot 
the  crcumpolar  zone  are  not  very  different  from  those  found  on  tlm 
lerican  sn  e,  except  that  winter  temperatures  inland  are  even  lower 

Sil,eria,  about  SO  mTcTin“dUrAr!ticCircTe?^ 

"o  ’huntek  itd 

.'ises  to  for.n  a  plateau  3, too  o.'  n.ore  feel  alL  eT  a  '^0  ' "  ‘r'', 

carries  low  mountains.  Thromdiout  turn 

*  Fr.  V.  Stefaas.son:  Tke  Frienr2r2c  1  '  The  smaller 

pany  and  used  witli  tlteir  permission.  ’  The  Macmillan  Com- 


12 


PHYSIOLOGY  OF  HEAT  REGULATIOxN 


ones  freeze  solid  in  winter,  and  overflow  when  choked  with  ice  during  the 
spring  thaw,  washing  away  their  banks  and  carrying  driftwood  far  down¬ 
stream. 

North  of  the  Arctic  Circle,  most  of  the  land  is  tundra.  This  is  a  flat  or 
rolling  lowland,  covered  with  lichens  and  mosses,  with  some  sedge  grass 
and  undersized  shrubs.  It  is  frozen  and  snow-covered  through  most  of  the 
year,  but  wet  in  summer,  in  spite  of  small  annual  jirecipitation,  because 
the  deeply  frozen  ground  underneath  {lermits  no  thorough  drainage. 
South  of  the  tundra  comes  a  forest  border  of  undersized  trees,  and  south 
of  this  again,  roughly  from  05  to  00  degrees  north  latitude,  is  a  zone  of 
dense  subarctic  forest. 

Fauna  and  Flora.  Fish  and  game  arc  abundant.  The  species  involved 
are,  as  a  rule,  closely  related  to  or  identical  with  those  found  on  the  Amer¬ 
ican  side.  From  the  human  point  of  view,  the  chief  difference  between 
Arctic  Siberia  and  Arctic  North  America  is  that  the  Siberians  have  the 
domesticated  reindeer,  which  furnishes  many  of  the  population  with  their 
principal  means  of  subsistence.  This  animal  belongs  to  the  same  genus, 
and  in  the  view  of  many  to  the  same  species,  as  the  wild  caribou  of  North 
America.  It  thrives  on  the  arctic  tundra. 

Population.  All  the  tribes  of  Northeastern  Siberia  are  ^longoloid  in 
race;  they  also  have  much  in  common  in  their  material  culture,  wearing 
fur  clothes  and  using  the  bow.  The  differences  between  them  are  largely 
linguistic  and  social.  Tt  will  suffice  to  describe  the  protections  against 
climate  which  they  have  developed,  using  the  names  of  tribes  as  con¬ 
venient  labels,  without  going  into  fine  ethnographic  distinctions. 

These  tribes  have  three  means  of  livelihood  open  to  them:  hunting  sea 
mammals,  which  can  be  combined  with  fishing;  herding  reindeer;  and 
hunting  and  fishing  in  the  inland  country.  Sometimes  a  single  tribe  includes 
several  groups  or  sections,  each  following  one  of  these  occupations  a.nd 
living  in  the  environment  appropriate  to  it;  and  there  may  be  some  shift¬ 
ing  back  and  forth  between  the  sections  on  the  part  of  individuals  or 
families.  In  other  cases  a  whole  tribe  follows  a  single  xyay  of  life.  The 
,, copies  we  shall  conskler-the  Chukchee  and  the  Koryak  -arc  divided 
into  maritime  and  reindeer-herdiiig  sections,  with  land  hunting  quite 
subordinate,  at  least  in  recent  times. 

The  Chukchee 

Divisions  and  Habitat.  The  Chukchee  live  in  the  extreme  nojth eastern 
comer  of  Siberia.  They  are  divided  into  Jfaritime  »nd  Keinde« 

riiiikchee  The  former  inhabit  the  arctic  coast  from  Chaim  Bay  to  La.t 
c!;;e  .aiid  the  shores  of  the  Hering  Sea  from  East  Cape  to  An,.l^.  1^ 
and  subsist  primarily  by  hunting  sea  mammals,  much 
nf  the  Fskimos  \  few  Eskimo  settlements  are  scattered  among  them, 
vltcZe  The  Re  indeer  Chukchee,  who  arc  seminomadic  reindeer 

.•  r^liiil.'e]if‘e  were  Di’iinarilv  niaiiLime,  mteumg  i 

'"t,  ;  material  that  follow,  i,  derived  alinod  W-lly  from  the 
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a  small  way;  but  at  the  time  of  llogoras’  study,  about  fifty  years  ago, 
there  were  only  3000  Maritime  Chukchee  as  against  9000  Reindeer  Chuk¬ 
chee.  The  two  sections  are  not  in  reality  wholly  distinct,  for  some  villages 
of  sea  hunters  have  inland  cainjis,  at  which  they  maintain  herds  of  rein¬ 
deer.  These  are  cared  for  in  turn  by  various  members  of  the  family  which 
owns  them,  so  that  the  same  man  may  be  alternately  a  sea  hunter  and 
a  herdsman.  There  is  also  a  tendency  for  whole  families  to  shift  from  one 
way  of  life  to  the  other,  as  interest  may  dictate.  The  Reindeer  and  the 
Maritime  Chukchee  often  exchange  products,  the  inland  people  getting 
fish,  blubber  and  sealskin  from  the  coastal  folk,  in  return  for  reindeer  hides. 

Health.  The  Chukchee  are  a  vigorous,  healthy  and  fertile  people,  ag¬ 
gressive  and  self-willed  in  character,  and  somewhat  given  to  violence. 
Bogoras  says  of  them: 


Their  endurance  in  undergoing  cold,  hunger  and  various  hardships,  is  very  great.  I  have 
seen  infants  lying  on  the  snow  attempt  to  get  out  of  their  fur  combination-suits.  The  upper 
part  of  their  bodies  remained  naked  for  a  long  time,  yet  they  did  not  show  any  signs  of  dis¬ 
comfort,  though  the  cold  was  severe  and  the  wind  blew  sharply.  The  women  work  with 
the  needle  in  the  open  air  even  in  March,  at  a  temperature  of  30°  below  zero  centigrade. 
1  heir  nngers  remain  unprotected  for  several  hours  at  a  stretch.  The  exertion  even  makes 
them  feel  warm  and  perspire  so  that  they  throw  aside  their  ample  fur  bodices  and  remain 
half  naked,  or  else  even  thrust  large  cakes  of  snow  into  their  bosoms. 

The  reindeer  hunters  frequently  start  out  with  very  little  food,  depending  upon  future 
quarry  for  their  sustenance.  When  unsuccessful,  they  get  along  on  very  little  food  for  several 
days,  and  all  the  while  display  the  utmost  agility  in  walking  about  and  searching  for  game. 
Reindeer  herdsmen,  men  or  women,  often  go  without  sleep  for  two  or  three  days.  A  young 
girl  will  work  for  a  whole  day  on  skins,  then  watch  the  herd  all  night  long,  and  in  the  morning 
return  home  and  busy  herself  till  evening,  without  any  visible  strain  upon  her  strength.* 


The  Chukchee  have  suffered  severely  from  epidemics  of  smallpox  and 
measles,  and  from  syplnlis.  They  are  reported  to  be  less  subject  to  “arctic 
hysteria  than  their  neighbors. 

Houses.  The  Chukchee  have  houses  of  several  sorts,  for  different  T3ur- 

characteristic  is  a  large  round  skin  tent, 
\\  ith  a  lectangular  box  of  fur  inside;  this  inside  fur  box  is  the  sleeping  and 
hvmg  room.  Such  a  dwelling  is  spoken  of  as  a  “genuine  house.’’ 

A  ItlT  ^  a  wooden  frame 

».d.  <• 

«  hris  PoS,  a'mW 

frame  and  tied  on  in  s.mh  a  waT  n 

and  an  overlap  at  the  side  for  a  door  Fin'a'iry  a^fewfo 

set  np  inside,  tlieir  tips  pressing  against  the  roof  oil  rf  ar® 

and  their  bottoms  propped  anamst  th^  ^  ^l^rough  crosspieces 

nianeuvered  to  press  hm^agrinsUhe^^^^^^ 

a  slight  dome.  The  central  Doles  thp  ^  stretch  the  roof  into 

and  the  edges  of  the  skin  cover  ;rraXl7Iown’;;it'^°f 
Slones  or  to  sledges.  The  cover  is  made  of  the  of  ? 

•  From  Bogoras:  TAe  r.  ii  ^nll-grown  reindeer, 

Vol.  r.  potUsted  the  Ame'rlca,;  ^remn 
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used  hair  side  out  and  tied  to  the  traine  with  cords.  A  new  skin  cover  is 
used  for  winter,  and  an  old  dilapidated  one  for  snniiner, 

1  he  inside  room  of  the  “genuine  house”  is  a  large  rectangular  box  of 
fur  which  stands  inside  of  the  circular  lent  just  described,  at  the  rear,  with 
one  of  its  long  sides  facing  Ihe  tent  door.  It  is  sui)ported  by  loops  which 
extend  to  horizontal  poles  above  the  front  and  back  edges;  the  back  pole  is 
fastened  to  the  tent  frame,  while  the  front  pole  rests  on  forked  stakes. 

The  inside  room  itself,  or  fur  box,  is  usually  about  4^^  feet  high,  7  feet 
deep  from  front  to  back,  and  T2  feet  long,  but  it  may  be  much  larger. 
Top  and  sides  are  sewed  together  without  aiiertures,  and  one  enters  by 
crawling  under  the  front  edge  where  it  rests  on  the  floor.  All  the  edges 
are  tucked  under  a  floor  covering  of  willow  twigs  and  thick  furs,  which 
insulates  the  occupants  of  the  inside  room  from  the  ground.  For  winter, 
the  cover  of  the  inside  room  is  made  of  thick  skins,  with  the  hair  turned 
in,  and  it  must  be  new  or  nearly  new  to  be  warm.  In  spring  and  fall  old 
worn  covers  may  be  used. 

The  inner  room  is  so  arranged  as  to  exclude  all  ventilation  as  com¬ 
pletely  as  possible.  It  is  lighted  by  a  lamp,  but  heated  chiefly  by  the  bodies 
of  the  occupants,  and  its  size  is  proportioned  to  their  number.  During  the 
night  moisture  from  the  bodies  of  the  people  in  the  inner  room  settles  on 
the  fur  of  the  cover.  In  the  morning,  and  every  morning  in  winter,  the 
cover  is  dismantled  and  taken  out  of  doors,  where  it  lies  on  the  snow  until 
the  moisture  freezes;  the  women  then  beat  out  the  frost  with  heavy  sno^y- 
beaters  and  allow  the  cover  to  dry  in  the  open,  before  setting  it  up  again 
for  the  next  night’s  use. 

Bogoras  describes  the  inner  room  in  use  as  follows: 

The  rear  side  .  .  .  has  a  lamp  fixed  in  the  middle,  cpiite  near  the  wall.  Above  it,  near  the 
ceiling,  a  line  is  stretched,  which  serves  for  hanging  up  small  articles  ot 
drying  over  the  lamp.  The  left  side  of  the  sleeping  room  is  alway.s  occupied  by  the  maste 
and  hi  wife,  and  is  therefore  called  “master’s  place’’;  the  right  side  is  given  j  to  he  younger 
members  of  the  family,  and,  when  necessary,  to  guests  and  strangers,  ihe 
Tom  however,  affordl  little  room  for  the  stranger.  A  few  extra  men  crovyd  it  consulera  ly. 
and  they  are  compelled  to  sit  crouching  in  the  stnvngest  postures 
When  there  are  a  number  of  guests,  they  can  only  tl.rust  their  heads 

S  LfcorS  “Ith'perspiratio,,  -ILe  o.Uy  way 

L,  to  lift  ui,  the  trout  ot  the  inner  tent^over  tor  .  ”  jV;!™  the^  to 

which  almost  instantly  lowers  the  temperature  several  (  eg 

condense  in  thick  white  cloutls.  Such  changes  o  n-itives  often 

during  the  evening,  are  trying  to  t  le  mos  .  ^  I  y  departed  the  temperature 

after  the  evening  meal,  nobody  is  allowe.1  to  go  outside. 

The  occ, pants  of  the  inner  rootn  sleep  nn.lcr  blankets  tjf  .severo 
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from  a  considerable  distance  the  Chukchee  use  it  parsimoniously,  and  it 
is  almost  as  cold  in  the  outer  tent  as  out  of  doors,  even  when  cooking  is 
in  progress. 

The  “genuine  house,”  as  described  above,  is  used  by  the  Reindeer 
Chukchee,  chiefly  for  their  principal  camps,  when  moving  about  with  the 
herd  in  spring  and  fall.  Half  a  dozen  sledges  are  required  to  move  it,  and 
setting  it  up  is  a  laborious  process,  so  herdsmen  on  the  move  use  a  much 
smaller  and  more  portable  inner  sleeping  room,  covered  with  a  light  tent 
or  a  skin  tarpaulin.  It  is  difficult  to  dry  any  clothing  except  small  articles 
in  such  a  shelter,  so  shirts  and  trousers  are  left  outside  to  freeze,  then 
beaten,  and  finally  hung  in  the  cold  wind  to  dry.  As  this  is  often  imprac¬ 
tical,  the  herdsmen  may  have  to  live  in  damp  clothes  for  several  weeks  at 
a  time.  Every  effort  is  made  to  keep  clothes  dry  by  beating  out  the  frost 
and  snow  before  entering  a  warm  place. 

In  winter  the  “genuine  house”  is  often  set  up  in  the  forest  border.  The 
entrance  is  provided  with  a  vestibule  of  skins  and  a  fire  is  kept  up  in  the 
main  tent  all  day  long.  This  may  raise  the  temperature  to  -1-10°  or 
-1-12  F.,  when  it  is  — 50°  or  —60°  F.  outside.  The  sleeping  room  is  larger 
than  m  the  movable  tent,  and  covered  with  a  layer  of  dried  grass  and  a 
tarpaulin  of  skins,  tucked  in  all  around,  the  whole  being  supported  by  a 
strong  frame  of  slats.  Lamps  burn  constantly  within.  They  keep  the  jilace 
warm,  but  it  becomes  very  dirty,  with  an  odor  offensive  even  to  the  Chuk¬ 
chee,  and  the  skin  cover  gets  damp  and  mildewed.  An  effort  is  made  to  dry 

It  by  introducing  burning  coals  on  a  pan,  but  this  tends  to  leave  poisonous 
1  limes. 

The  genuine  house”  of  movable  tyjie,  as  first  described,  is  used  in  sum¬ 
mer  also,  but  both  outside  cover  and  inner  room  are  then  of  old  and  worn 
skins,  no  longer  good  enough  for  cold  weather  use.  The  sleeping  room  is 
used  with  the  hair  out,  and  the  hair  is  trimmed  short  with  a  sharp  knife. 

^  skin  tarpaulin  is  stretched  above  the  inner  room,  to  keep  off  the  rain 

iich  comes  through  the  outer  cover.  Such  a  house  is  usually  moved  a 

a:,L„;eTZch 

The  houses  of  the  Mai-ithne  Cl.nkchee  are  built  on  the  same  plan  .as 

the  inner  room  fr‘4"enHv  TOSVofTwo'dm ^  Chukchee; 

nnrl  wqLm.c  Lui..  : _ i  '  .  .  .  .  chauibeis  meeting  at  an  anpflp 


—  IL/ 11 1  1 

for  ventilation  In  Vlav  flip  atlj»»stable  upper  opening 

of  walrus  hirle  or^dski/'  ^  ■“"'•e  into  tent^ 

and  inner  room.  The  Eskimos  of  tin.  r  gcneial  iirmci]>le,  with  outer 

with  a  sail-cloth  cover  and  ,  f  T  “ft*--' 

wreckage.  “'’'I  ■'  "ooden  door  obtamcl  from  whalers  or  from 

There  is  archaeological  evidence  that  sunken  sod  honses  with  an  en- 
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trance  tunnel,  and  a  whale-rih  frame,  like  those  of  the  American  Eskimo, 
but  with  an  inner  fur  sleeping  room  like  that  of  the  Chukchee,  were  used 
by  the  ^Maritime  Chukchee  a  few  generations  ago.  The  natives  told  Bogoras 
that  these  became  very  foul  and  unwholesome,  from  being  occui)icd  for 
generations,  and  were  abandoned  in  favor  of  skin  dwellings  for  that  reason. 
Apparently  the  Asiatic  peoples  did  not  follow  the  j)ractice  of  the  Greenland 
Eskimo,  who  take  off  the  roof  of  a  sod  house  in  spring,  so  that  it  may  air 
and  sun  all  summer  while  the  owner  is  away  and  be  fit  for  occupancy  in 
the  fall.  According  to  Bogoras  true  domed  snow  houses,  like  those  of  the 
Central  Eskimo  in  North  America,  do  not  occur  anywhere  on  the  Asiatic 
coast . 

The  lamps,  which  have  been  mentioned  rei)eatedly  as  part  of  the  house 
furniture,  are  shallow  dishes  of  clay  or  sandstone.  Near  the  coast  they 
burn  blubber;  inland  they  burn  tallow  tried  out  of  reindeer  bones  which 
have  been  crushed  with  a  stone  hammer,  liogoras  calls  this  a  better  fuel 
than  blubber,  as  it  burns  with  a  soft  bright  light,  without  smoke  or  odor. 
The  wick  is  of  dried  sphagnum. 

Clothing.  In  its  fundamentals  the  dress  of  the  Chukchee  is  like  that  of 
the  Eskimo.  Both  use  two  layers  of  fur  garments,  made  of  a  variety  of 
skins,  but  by  preference  of  caribou  skin  or  its  equivalent,  reindeer,  with 
sealskin  as  a  substitute  for  body  garments  and  the  preferred  material  for 
boots.  There  are  minor  differences  in  the  way  of  ])rcparing  the  skins,  the 
Chukchee  using  urine  and  decoctions  of  alder  liark,  whereas  the  Eskimo 
merely  dry  and  scrape  them. 

Differences  between  the  two  jicoples  in  the  cut  and  style  of  their  gar¬ 
ments  are  of  some  interest.  The  Chukchee  man  wears  a  jiair  of  fur  shirts, 
reaching  almost  to  the  knees.  The  inner  shirt  is  worn  tur  side  in,  the  outer 
one  fur  side  out;  while  they  are  not  sewed  together,  they  fit  each  other 
so  well  that  they  behave  much  like  a  single  garment.  These  shirts  are 
without  hoods,  but  the  inner  one  has  a  broad  fur  strip  attached,  which 
can  lie  folded  up  around  the  neck  like  a  collar.  1  he  sleeves  are  naiiow  at 
the  wrist,  and  so  full  at  the  shoulder  that  the  arms  can  be  drawn  in  and 
put  next  to  the  bare  body.  The  trousers  are  short-waisted  and  barely  reach 
the  navel,  being  held  up  by  a  sinew  string  in  the  upper  hem;  they  have  a 
constant  tendency  to  slip  down.  They  are  cut  narrow,  «and  fit  t»ght  >  • 
The  leg  of  the  boot  is  worn  inside  the  trousers.  Boots  resemble  those  ot  the 
Eskimo  in  a  general  way,  but  there  is  usually  a  strip  of  upright  skill  sewed 
around  the  edge  of  the  sole;  to  this,  in  turn,  the  upper  is  attached,  hor  t  u 
coldest  time  of  year,  soles  arc  made  of  the  skill  taken  froiii 
toes  of  the  reindeer’s  foot,  which  is  covered  with  very  tough  hiisllv  h.  . 
These  riieces  are  sewed  together,  dried,  and  used  hair  out  k"''  “  ''‘'r  " 

soles  arc  made  of  thong  seal  hide,  worn  hair  m,  or  ot  s|ilit  wall  i  s  In  k 
re  rdLr  as  a  poor  .siili.stitiite.  The  Iteiiidecr  (’hiikchee  gel  the  liide.s  ol 

a  nmLnals  by  trade  from  the  Maritime  seetion  of  the  Inbc.  ha^kin 
*oel^  are  used  hi  winter,  and  grass  insoles  at  all  seasons,  '•■von  when  the 

::.iu:nr:mrriu:  e:;Twirtipr:h^^^^  headdosdy.. smaii 
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added  to  the  costume  which  has  been  described;  it  is  a  long  loose  shirt 
with  a  hood,  made  of  thin  cotton  cloth,  gut,  or  light  skins.  Its  function  is 
to  keep  out  the  wind  and  protect  the  clothes  against  snow. 

Chukchee  women  wear  two  layers  of  fur,  just  as  the  men  do,  but  the 
shirt  and  trousers  are  made  in  one  piece,  forming  a  union  suit  which  is 
loose  at  the  shoulders,  snug  at  the  waist,  and  loose  and  baggy  in  the  legs, 
with  draw-strings  at  the  bottom.  It  has  a  deep  V  neck,  front  and  back, 
trimmed  with  several  rows  of  fur,  through  which  the  wearer  steps  when 
the  suit  is  put  on.  The  sleeves  are  long  and  wide  and  loose  at  the  wrist. 
The  trousers  extend  a  little  below  the  knee,  and  are  worn  outside  the  boots, 
which  reach  to  the  knee.  This  garment  is  not  very  practical,  and  the 
women  complain  of  it.  Cold  winds  blow  in  at  the  neck.  The  sleeves  are  a 
nuisance,  and  the  wearer  often  drops  half  the  bodice,  so  the  right  arm, 
shoulder  and  breast  are  exposed,  to  get  on  with  her  work.  The  whole 
garment  must  be  removed,  falling  below  the  knees,  to  attend  to  the  needs 
of  nature.  The  baggy  trousers  make  it  difficult  to  walk  in  deep  snow.  All 
these  inconveniences  are  so  great  that  herdswomen  sometimes  adopt  men’s 
costume. 


Babies  are  put  into  a  fur  union  suit  with  a  hood,  which  has  no  openings 
foi  the  hands  or  feet.  A  diaper  flap  is  sewed  on  at  the  back  and  fastened  in 
front  by  strings;  it  is  filled  with  a  mixture  of  reindeer  moss  and  hair,  and 
can  be  changed  readily.  Older  children  wear  similar  suits  with  mittens  and 
boots.  They  receive  clothing  of  adult  cut  at  six  or  eight,  but  the  diaper- 
piece  is  retained,  in  the  case  of  girls,  for  several  years  longer. 

yiiong  the  Maritime  Chukchee  and  Eskimos,  men  and  women  strip 
naked  in  the  mner  room  of  the  house,  except  for  very  short  trunks  of 
fringed  leather  or  cotton  cloth.  Tile  Reindeer  Chukchee,  wlio  do  not  strip 
SO  completely  indoors,  do  not  wear  these  trunks. 


tlifs™  omThoS”??'’''^'  the  northern  si, ores  of 

the  sea  of  Okhotsk,  and  come  south  in  western  Kamchatka  as  far  as  lati 

tilde  55  degrees  north.  Inland  they  are  scattered  as  far  west  as  the  Kolyma 

1  ountains  and  northward  their  grazing  grounds  touch  those  of  the  Chuk 

ma^‘io;Xil^n:f::ii;':ittTm^^ 

were  belmv  freezing 'JLToctobe^torpT^^^^^^ 

January  was  -20°  C..  for  July  +1“!  2“  r  f.,  thnt  ‘  fo>' 

Without  frost,  and  the  anniiaf ntea'n  temp  a  "  w's'-S  2°'c' xf 
cipitation  IS  iisuallv  simll  hut +1x0  .xf  i  Ihe  pre- 

c^oWwiihftoTmsil^ndnter’Mto^^^^^^^^ 

tl.e  Chukchee,  acco^rding  ti!  S::!:'’,;:,:  'll 

v.Jed  into  maritime  and  reindeer-herding  sections.  They  Xeliewdt 
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HHinber  alioiit  7500  in  1001,  almost  equally  divided  between  the  two 
sections. 

Houses.  1  he  habitations  of  the  lleindeer  Koryak  do  not  differ  from 
those  of  the  Reindeer  (duikehee,  except  in  minor  details.  The  outer  tent 
is  likely  to  be  larger  than  that  of  the  (  hukchec,  and  to  house  several 
families,  each  with  its  own  inner  room.  The  Koryak  merely  raise  the  front 
flap  of  the  fur  inner  room  in  the  daytime,  and  rarely  take  the  whole 
contrivance  out  of  doors  to  air  and  dry  it,  so  it  is  usually  damp,  malodorous 
and  dirty.  During  the  night  it  becomes  almost  as  cold  as  the  air  outside. 

The  Maritime  Koryak  live  in  jiermanent  semiunderground  houses, 
lined  with  timbers  and  entered,  in  winter  at  least,  through  a  hole  in  the 
roof.  These  houses  are  larger,  more  substantial,  and  better  built  than  any 
that  we  have  considered  so  far.  Much  timber  is  used  in  their  construction; 
it  is  obtained  from  the  immense  piles  of  driftwood  which  lie  near  the 
mouths  of  some  of  the  rivers,  or  are  cut  inland  and  floated  down  stream. 
Jochelson  saw  one  house  that  measured  15  by  Ri  meters,  and  was  7  meters 
high,  housing  fifteen  people;  some  arc  larger  than  this,  many  half  as  large. 

These  houses  have  eight  sides,  but  one  pair  of  opposing  sides  is  much 
longer  than  the  others,  and  the  angles  arc  unequal,  so  the  over-all  shape 
is  closer  to  a  rectangle  with  the  corners  trimmed  off  than  it  is  to  a  regular 
octagon.  The  roof  slopes  uj)  to  a  eentral  flat  portion,  whieh  has  a  smoke 


hole,  used  also  as  an  entrance. 

The  building  is  constructed  as  follows.  First  a  jiit  is  dug,  of  the  requisite 
size  and  1  to  D/o  meters  deep.  Stout  posts  roughly  2  meters  high  are  then 
set  uj)  at  the  eight  corners,  and  connected  at  the  top  by  horizontal  timbers. 
Between  the  posts  .sjdit  logs  or  thick  poles  are  driven  into  the  ground,  in 
a  vertical  i)Osition,  to  form  the  walls.  They  are  held  in  place  at  the  top  by 
the  horizontal  timbers,  which  connect  the  posts.  The  cracks  arc  stojiped 
with  dry  grass,  and  the  walls  are  banked  with  earth  on  the  outside.  Next 
four  poks  5  to  7  meters  tall  arc  set  up  in  a  square,  in  the  middle  of  the 
space  enclosed  by  the  walls,  and  crossbeams  are  lashed  to  their  tops  to 
form  a  square  frame;  slanting  poles  are  then  laid  from  this  frame  to  the 
walls,  to  form  the  sloping  roof  of  the  house.  The  roof  is  carefully  chinked 
with  drv  grass,  then  covered  with  loose  earth  and  a  final  layer  of  siilit  logs. 
This  completes  the  main  structure.  There  is  a  bit  of  flat  roof  m  the  middle, 
between  the  tall  jmsts,  and  this  has  an  opening  in  it,  which  serves  as  a 
smoke  hole,  and  also  as  a  winter  entrance;  a  vertical  log,  with  holes  m  it 
for  foot-holds,  that  stands  on  the  floor  ot  the  house  mid  sticks  up  thioiig  i 
the  smoke  I, ole,  is  ,,rovi.le<I  for  a  huhler.  An  inverte,!  co>.e  »» 1’"'"  1*  ^ 

arouml  the  central  flat  roof,  on  the  ontsnle,  to  keep  .snow  from  diift 

into  the  smoke  hole. 

The  entrance  bv  smoke  hole  and  ladder  is  used  in  winter.  T  ic  sum 
entrance  is  through  a  small  half-buried  chamber  or  anteroom,  cons  ructed 

at  one  side  of  the  house  at  floor  level  It  has  doors  ‘''r  -’, , 'tile  cei  ink 

into  the  house  and  the  other  ont-of-<h>ors;  there  ,s  also  a  ^  ^ 

r  si;l:  r  a.;:;  .e 
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chamber  itself  serves  as  a  store  closet,  easily  reached  from  the  main  room 
of  the  building.  Women  and  children  continue  to  use  the  hole  in  the  roof 
of  the  side  chamber  as  an  entrance  to  the  house  from  outside,  because  of 
its  convenience,  but  adult  men  consider  this  undignified,  and  climb  up 
and  down  the  ladder  through  the  smoke  hole.  The  hole  in  the  roof  of  the 
side  chamber  also  provides  ventilation,  admitting  air  to  the  main  room, 
and  to  the  fire  which  is  built  on  its  floor.  When  the  fire  goes  out,  both  the 
hole  in  the  side  chamber  roof  and  the  smoke  hole  above  the  main  room 
are  closed  to  conserve  heat.  Jochelson  says  that  the  indoor  temperature 
early  in  the  morning  may  lie  below  freezing,  and  that  it  is  still  quite  cold 
when  the  fire  is  first  started,  and  cold  air  is  coming  in  from  the  side  cham¬ 
ber;  but  that  it  may  get  as  warm  as  20°  C.  after  the  fire  has  burned  out  and 
all  the  apertures  have  been  closed.  A  fire  is  usually  made  only  two  or  three 
times  a  day. 


The  dirt  floor  of  the  main  room  is  strewn  with  willow  branches  and  dried 
glass,  then  covered  with  seal  skins  or  reindeer  skins.  The  spaces  between 
the  tall  central  posts  and  the  walls  are  used  as  bedrooms  for  guests  and 
family;  some  have  low  platforms,  and  they  are  supplied  with  fur  tents, 
exactly  like  the  “inner  rooms”  of  the  Chukchee  and  the  Reindeer  Koryak,' 
except  that  they  are  made  of  old  reindeer  skins  with  the  hair  clipped  short. 
These  are  left  in  place  during  the  day,  with  the  front  tied  up  out  of  the 
way.  A  wooden  grating  high  above  the  fire  serves  as  a  drying  platform 
for  elothes  and  other  articles. 


Underground  houses  of  the  type  just  described  are  not  confined  to  the 
:  laritime  Koryak.  With  slight  modifications,  they  are  used  by  the  Kam- 
chadl,  fin-ther  south  111  Kamchatka,  by  the  Gilyak,  and  by  some  of  the 
Ainu  of  Saghahen  Island.  It  would  seem  that  they  are  also  related  to  the 
half  underground  jawbone  ’  houses,  framed  with  whales’  jawbones  or 
1  IS  and  covered  with  sod,  which  were  formerly  used  bv  the  Maritime 
Chukchee  ahd  there  are  legends  of  subterranean  dwellings,  entered 
thioiigh  the  smoke  hole,  among  Indians  of  the  Northwest  coast  of  North 
.  merica  n  Western  Asia  and  Europe,  houses  partly  or  wholly  buried  in 

C  othing.  The  Reindeer  and  Maritime  sections  nf  ilio  \  / 

much  alike,  in  clothing  of  reindeer  skin  TL  Noi\ak  dress 

those  worn  by  the  Chukchee  uul  nee  t  gfi'nwnts  closely  resemble 

Ihey  include  'fur  shhu  a,S  troultr^r  r  Tim  f 

women,  and  sometimes  an  “overcout  ”  I  ’  *T  ^  suit  for 

material  that  serves  as  a  windbreak  thT  ‘IT 

'"■een  Koryak  and  ChukciTe  howe've,  i  ,T  “ 

the  use  of  women’s  clothine  Clnikehe  '  t'^^'tvenlions  which  govern 

of  the  combination  suU,  as  rnav Te  oTri’T"  '’‘'“P  ‘oP 

"orkmg,  and  strip  down  to  tiuv  IcatheT  /iT  "f  *  ooiwenience  in 

grows  too  hot  for  them,  no  matter  ‘ThT  n.a  T  ‘'oo'" 

’  “'ly  I’o  present.  The  Koryak 
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women,  on  the  contrary,  are  very  modest.  Those  of  the  Maritime  section 
are  ashamed  to  be  seen  by  strangers  in  the  fur  combination  suit  only,  but 
must  wear  the  overcoat  on  toj)  of  it.  Mlien  they  get  too  hot  they  drop  the 
combination  suit  from  one  shoulder,  so  the  sleeve  hangs  down  behind,  but 
they  arc  still  covered  by  the  overcoat. 

In  summer,  both  sexes  are  apt  to  dress  in  a  single  layer  of  old  shabby 
winter  clothing,  with  most  of  the  fur  worn  off,  but  sometimes  they  use 
garments  of  similar  cut  made  of  curried  leather.  Adults  sleep  naked,  under 
fur  blankets,  but  small  children  wear  light  sleejiing  suits  to  keep  them 
from  soiling  the  bedding. 


Houses  and  Clothing  in  Other  Parts  of  Siberia 
For  the  sake  of  comideteness,  the  material  adaptations  to  climate  found 
in  other  parts  of  Siberia  should  be  mentioned.  The  conical  tipi  or  wigwam, 
made  of  poles  covered  with  birch  bark  or  skins,  is  widely  used  as  a  summer 
residence  by  nomadic  and  seniinomadic  tribes  in  Central  and  Western 
Siberia.  Such  a  tipi  often  has  a  platform  of  twigs  covered  with  reindeer 
skins  around  the  walls,  for  a  sitting  and  sleeping  place,  and  may  be  pro¬ 
vided  with  several  fur  sleeping  boxes,  like  the  Chukchee  inner  room,  for 
the  use  of  married  couples  and  grown  girls.  Such  tents  may  be  banked 
with  earth  or  snow  for  winter.  There  are  also  circular  felt-covered  tents, 
with  domed  or  conical  roofs,  which  are  related  to  the  ^Mongol  yurt.  T  he 
Yakut  use  a  sod-covered  house  whose  floor  is  sunk  about  three  feet  below 
the  level  of  the  ground  outside.  The  roof  slopes  up  on  all  sides  to  a  flat 
central  portion,  as  in  the  Koryak  house,  but  the  building  is  entered  by  a 
door  in  one  of  the  sides.  In  some  cases  the  building  is  elongated  and  is 
divided  into  two  rooms  by  a  central  partition;  the  outer  room  serves  tor 
people,  the  inner  one  for  cows,  which  pass  through  the  living  room  to  reach 
their  stable.  The  Russian  settlers  often  build  rectangular  houses  ot  logs, 
with  a  flat  roof  of  poles,  twigs,  bark  and  sod,  but  sloping  roofs  are  used 
also  Often  the  interior  is  divided  into  two  rooms  by  a  partition  wluci 
contains  a  big  brick  or  earth  stove,  with  a  flat  top  that  forms  a  favorite 
sleeping  place.  In  winter,  the  joints  and  chinks  of  log  houses  are  co^end 
with  wet  snow,  which  freezes  and  sto,)s  up  the  numerous  cracks  m  the 

The  distribution  of  the  underground  house  has  been  discussed  m  the 
section  on  the  Koryak,  where  that  type  of  dwelling  reaches  its  highest 

''“aothins  offers  less  variety  ll.an  shelter.  Kver.vvvhere  furs  are  the  ma¬ 
terial  of  choiec  for  cold  weather-reindeer  if  possdde,  otherwise  the  pelts 
of  whatever  animals  are  availahle.  The  cut  is  alwa.ys  loose, 
photoRraphs,  and  on  the  whole  similar  to  that  m  use  among  peoples 

already  described. 

J)i.s‘CUSsion 

Krom  onr  survey  so  far,  it  would  a, .pear  that  there  •''r«  “"'y  " 
luimher  ot  house  types  in  n.se  among  cirenm|,olar  peoples.  The.v 

^°'!'’'The  house  that  is  partly  or  wholly  sunk  in  the  ground,  and  banked 
above  ground  :vith  ea:t'h  or  'snow.  It  is  easily  heated,  because  the  insula- 
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tion  is  good,  but  tends  to  be  wet  except  in  freezing  weather,  and  becomes 
filthy  and  unwholesome  unless  it  is  unroofed  and  exposed  to  the  elements 
for  part  of  each  year. 

2.  The  Eskimo  snow  hut,  apjiarently  a  genuine  Eskimo  invention.  This 
is  quicklj^  built  and  adinirabl}^  comfortable,  but  has  a  short  life,  and  can 
be  built  only  under  certain  rather  limited  weather  conditions. 

3.  The  log  cabin,  with  a  flat  or  ridged  roof.  It  is  hard  to  build,  unless 
abundant  timber  and  steel  axes  are  available,  and  hard  to  heat  effectively 
without  a  stove  and  chimney.  It  is  the  house  of  the  frontiersman  of  a 
civilized  people.  It  can  be  cleaner  and  more  comfortable,  but  is  less  effec¬ 
tive  thermally,  than  the  underground  house. 

4.  The  conical  tipi,  made  of  poles  covered  with  birch  bark,  skins,  furs, 
or  felts.  This  is  extremely  portable,  but  of  a  most  inefficient  design  for 
keeping  warm. 

5.  The  circular  felt-covered  tent,  with  vertical  walls  and  a  domed  or 
conical  roof,  seen  in  a  crude  form  among  the  Chukchee  and  at  its  best  in 
the  Mongol  yurt.  While  in  theory  this  should  be  no  better  than  the  tipi, 
because  both  types  are  subject  to  air  leakage  at  the  bottom  of  the  walls,’ 
and  are  smoky,  m  fact  the  best  yurt  is  a  very  much  better  dwelling  than 
the  best  tipi.  Perhaps  this  is  true  because  the  Mongols,  who  are  an  ad¬ 
vanced  people  with  abundant  animal  transport,  can  afford  to  do  a  better 
job  111  detail  than  the  Siberian  primitives,  by  using  more  and  better  wall 
coverings,  stopping  up  the  cracks,  and  covering  the  floor  with  adequate 


Two  heating  principles  of  some  general  interest  are  in  use  among  cir- 
cumpolar  peoples.  The  first,  of  admitting  cold  air  at  the  bottom  of  the 
dwelling  heating  It  as  it  enters,  and  controlling  the  rate  of  flow  by  manip- 
u  atmg  the  ex.ts  for  hot  air  i„  the  root,  appears  to  be  best  understrd  ly 
the  Eskimos.  Their  houses,  with  deep  entrance  pits  and  low  domed  roofs^ 
are  particular  y  adapted  to  this  kind  of  heating,  tor  there  is  enough  ver¬ 
tical  space  below  the  level  of  human  occupation  to  give  room  f or  L  a  r 
olumn  with  a  temperature  gradient  above  the  cold  entrance  point  and 

tm^irTn'^er^fro^ 

tioiri  n  *d  i^'tlterniTlirthXsSn" 

somewha;\hT'sar;;ricU^infueirx;"  ‘J" 

admitted  through  doors  and  window  cracks^bove  tl’ie^hME*®  r  ‘j 
there  is  much  space  overhead  in  wlnVJi  it-  ^  heating  plant,  and 
benefit  to  the  occnpantf  ““"mflttte  without 

a  lot'fTerptto’ fsmalTspt":!^ 

body  heat  warm  the  room  nCld;i.  1  “td  letting 

of  the  inland  EskimoaX^tirerhavriforerof 

It  enables  them  to  keep  alive  nndt  !  r  ’  ‘‘  ‘hat 

would  probably  perish  otherwise  Theta n'mnrb  ‘>‘at  they 

after  people  have  gone  to  bed.  It  is  conCVLt  by'atTat^tToa 
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fur,  and  second  by  the  walls  of  the  fur  sleeping  room.  It  is  difficult  to 
evaluate  such  a  device,  which  runs  counter  to  all  our  i)rejudices,  without 
direct  experience  of  it;  but  the  fact  that  it  is  used  with  success,  in  a  most 
severe  climate,  can  at  least  suggest  a  fresh  ai)proaeh  to  certain  thermal 
problems. 


The  striking  thing  about  sleeping  arrangements  among  all  these  pco])les 
is  the  absence  of  sleeping  bags.  The  tendency  is  rather  to  warm  the  sleeping 
sjiace,  by  one  means  or  another,  and  to  sleep  naked  under  fur  blankets. 
The  reason,  jierhaps,  is  that  this  solves  the  problem  of  the  accumulation 
of  insensible  jicrspiration  in  the  bedding,  which  has  troubled  Arctic  ex¬ 
plorers. 

With  regard  to  clothing,  the  rule  everywhere  in  the  circumpolar  zone 
is  to  use  fur,  jirefcrably  in  two  layers,  and  to  make  garments  loose.  Fur  is 
used  both  because  it  is  the  best  material,  and  because,  as  a  rule,  skins  are 
literally  the  only  material  available.  There  are  interesting  variations  in 
design  and  fashion,  some  apparently  disadvantageous,  which  have  been 
discussed  earlier. 


PEOPLES  OF  CENTRAL  ASIA 

We  turn  next  to  more  advanced  cultures.  Those  most  deserving  of  our 
attention  are  found  in  central  and  eastern  Asia.  Limitations  of  space  forbid 
lengthy  treatment;  those  who  wish  further  details  will  find  them  in  the 
literature  which  is  cited.  The  practical  devices  for  protection  against  cold, 
which  have  been  developed  by  the  northern  Chinese  and  the  ^Mongols, 
will  be  described  briefly. 


The  Sorthern  Chinese* 

Houses.  jMost  Chinese  houses  are  built  of  mud  brick,  one  story  high, 
with  a  tile  roof.  A  large  establishment  consists  of  severid  buildings,  and 
one  passes  from  one  to  the  other  across  a  courtyard;  this  imposes  no  hard¬ 
ship,  for  the  winters  are  dry,  though  cold. 

Windows  are  covered  with  tough  translucent  paper.  It  is  warmer  than 
glass,  and  very  much  cheajier.  Wooden  doors  are  used  wherever  nccessarj  , 
but  doorways  are  often  closed  with  a  thick  jiadded  cloth  curtain,  big 
enough  to  overlap  the  doorframe  on  both  sides  and  at  the  top,  and 
weighted  at  the  bottom,  where  it  overlaps  the  high  threshold.  This  arrange¬ 
ment  is  valuable  for  doors  that  lead  from  heated  spaces  to  cold  ones,  tor 
it  is  tighter  than  a  badly  fitting  wooden  door,  and  closure  is  automatic; 

no  one  can  leave  the  door  open.  i  •  » 

The  basic  Chinese  heating  arrangement  is  best  studied  in  a  poor  man  s 

house.  It  consists  of  a  set  of  flues  running  back  and  forth  m  a  mud-brick 
platform,  about  30  inches  high  and  (i  feet  from  front  to  back,  \^ hie  i 
occupies  one  whole  end  of  the  main  room.  This  platform  with  its  flues  is 
called  a  Icang.  The  flues  are  connected  at  one  end  to  a  iiukI  stme 
cookiiuT  ami  at  the  other  to  a  chimney.  Whenever  any  food  is  cooke  , 
tl.e  smoke  and  hot  gases  from  the 

wav  to  the  chimney,  and  transfer  much  of  their  heat  to  the  flues  and  t 
oWfLm  and  so  to  the  room.  The  whole  faimly  sleep  on  the  /cony, 
'“d’in  cotton  qnilts,  and  one  can  sit  on  it  by  day.  In  r.cher  houses, 
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the  heating  flues  are  under  the  floor,  heated  by  fires  built  in  suitable  stoves 

outside,  but  the  principle  is  the  same. 

Fuel  is  scarce  and  costly  in  China,  so  the  people  rely  more  on  extra 
clothing  than  on  artificial  heat  to  keep  warm  in  winter. 

Dress.  The  basic  dress  for  both  sexes  consists  of  trousers  and  jacket. 
The  trousers  are  so  cut  that  the  legs  separate  like  the  arms  of  a  V,  when 
the  garment  is  laid  flat  on  the  floor.  As  a  result  they  are  easy  to  squat  in, 
but  the  material  forms  folds  and  bunches  in  the  crotch  when  the  wearer 
stands  up.  They  are  made  very  large  in  the  waist,  so  as  to  pull  on  easily, 
and  are  worn  with  the  excess  folded  over  and  held  by  a  belt  or  a  sash; 
there  is  no  fly  with  buttons.  The  trousers  may  be  short  and  loose,  but 
more  commonly  they  are  folded  snugly  at  the  ankle,  and  held  in  place 
there  by  a  broad  tape  wound  several  times  around,  like  a  very  short 
puttee.  This  tape  overlaps  the  sock  also  and  makes  a  tight  joint.  The 
jacket  eomes  about  to  the  hips  and  buttons  elear  to  the  neck;  usually  the 
buttons — which  are  knots  of  tape  passed  through  loops — run  up  the  right 
side,  and  across  to  the  center  at  the  top.  Men  wear  a  long  gown,  a  more 
dignified  garment,  which  reaches  to  the  ankles  but  is  cut  exactly  like  the 
jacket,  when  their  occupation  permits  or  their  status  demands  it.  It 
practically  always  buttons  at  the  side.  Women  may  wear  a  skirt  with  the 
short  jacket,  instead  of  trousers,  or  a  long  and  rather  closely-fitting  gown 
that  comes  to  the  heels. 

Footgear  is  usually  a  low  cloth  slipper,  with  a  sole  whose  composition 
includes  a  good  deal  of  paper.  The  cheapest  come  apart  rapidly  in  summer 
rains.  The  Chinese  have  not  tanned  leather  in  the  past  so  that  it  would  dry 
soft  after  wetting,  and  foreign  shoes  are  popular.  Socks  are  usually  made 
of  cotton  cloth,  tailored  and  sewn,  with  an  opening  at  the  back  for  insert¬ 
ing  the  foot;  the  opening  is  closed  by  folding  over  material  from  the 
sides,  before  putting  on  the  shoe.  The  head  is  often  bare.  A  round  rimless 
cap,  with  a  button  in  the  center,  was  formerly  the  standard  masculine 
headgear,  but  foreign  felt  hats  with  brims  are  now  much  favored. 

For  warm  or  moderate  weather,  the  clothes  which  have  been  described 
are  usually  made  of  stout  blue  cotton  cloth;  for  cold  weather  the  material 
IS  padded  with  cotton  batting  and  quilted.  This  makes  garments  which 
are  cheap  and  very  warm,  but  would  be  less  satisfactory  in  a  wet  winter 
climate.  Wool  cloth  is  little  used,  but  the  peasant  often  makes  his  trousers, 
jacket  and  cap  of  sheepskin  with  the  wool  turned  inward,  and  may  wear 
hem  next  to  his  bare  skin.  With  this  outfit  he  will  wear  huge,  hob-Liled 
ow-cut  shoes  of  cloth  or  leather,  rather  shapeless,  and  homespun  wool 
oot  wiappings  in  hen  of  socks.  This  is  commonest  near  the  Mongol  border 

o  de  raZei’i tT"’  cotton  cloth  ent  like  the 

Oiitci  gainie nt.s.  The  commonest  way  to  keep  warm  in  winter  is  to  wear 

several  wadded  and  quilted  gowns,  one  on  top  of  the  other  Some  at  least 
W.11  be  made  with  very  long  sleeves,  which  can  be  brouglU  dovvn  ovei- 
the  hands  and  even  the  fingers.  Fleece-lined  overcoats  of  fLeign  cut  and 
sheepskin  caps  with  ear  flaps,  are  also  popular. 

The  Mongols 
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teni,,e,-atures  of  -40  to  -50»  K.  Most  of  the  population  arc  pastoral 
nonnuls,  migratory  herders  of  sheep,  camels  and  horses.  Formerly  mighty 
warriors,  who  conquered  half  the  world  under  Ceughis  Khan,  they  are 
HOW  devout  Huddhists,  and  somewhat  reduced  in  numliers. 

•  ^  typical  Mongol  hahitation  is  a  large  round  hut  covered 

\\ith  telts,  called  a  ijiirt.  It  is  really  a  portable  house,  which  can  be  trans¬ 
ported  from  one  camp  site  to  another  on  camels  or  carts,  and  can  be  taken 
down  or  set  up  in  less  than  an  hour. 

The  yurt  is  circular,  with  vertical  walls  about  (>  feet  high  and  a  domed 
roof.  Usually  it  is  12  to  2.5  feet  in  diameter.  The  framework  of  the  walls 
IS  a  diagonal  lattice  of  light  poles,  which  is  set  up  in  a  circle  on  the  ground, 
forming  a  broad  low  cylinder  that  looks  like  a  giant  wastebasket.  It  is 
interrupted  by  a  wooden  door  frame,  and  lines  are  passed  around  it  to 
keej)  it  from  spreading.  Ihe  roof  frame  is  a  set  of  radial  rafters,  convex 
U|)wards,  and  attached  to  a  hooj)  at  the  center  like  keys  on  a  key  ring. 
The  ends  of  the  rafters  are  hooked  into  the  top  points  of  the  lattice  all 
around,  while  somebody  holds  uj)  the  central  hoop  with  a  j)ole.  Then  the 
whole  structure  is  covered  with  large  pieces  of  felt,  and  ropes  are  passed 
over  it  and  around  it  and  made  fast  to  pegs  in  the  ground,  to  keep  things 
from  blowing  away.  The  hooj)  in  the  center  of  the  roof  defines  an  aperture 
which  is  usually  left  open  for  a  smoke  hole,  but  which  can  be  covered  with 
felts,  moved  by  ropes  from  outside,  if  desired.  A  curtain  or  a  wooden  door 
seals  the  entrance. 

Inside,  the  floor  is  covered  with  felts  or  rugs,  and  a  portable  iron  grate 
holds  the  fire.  There  are  jiortable  chests  and  low  tables.  Those  who  have 
lived  in  these  habitations  report  that  they  are  comfortable  at  all  seasons: 
warm  and  cozy  in  winter,  and  cool  in  summer,  when  the  sides  are  rolled 
up  to  admit  the  breeze. 

Clothing.  Men  and  women  wear  a  long  gown,  with  sleeves  which  can 
cover  the  hands.  The  men  gird  up  the  gown  with  a  belt  or  a  sash,  the 
women  let  it  hang  from  the  shouhler.  Gowns  are  of  cloth  in  summer  and 
sheepskin  in  winter.  Underneath,  the  men  wear  loose  trousers,  and  the 
women  apparently  a  petticoat.  Both  sexes  use  boots  that  come  to  mid¬ 
calf  and  have  hard  soles  and  turned-up  toes.  They  are  uncomfortable  for 
walking,  but  the  Mongol  never  walks  unless  he  has  to.  1  hey  are  worn 
many  sizes  too  large,  to  admit  wool  or  fur  socks,  which  are  used  only  in 
winter.  The  hat  for  both  sexes  is  a  fiat  fur  affair  that  looks  like  a  saucer. 
The  women’s  hair  is  dressed  most  elaborately  over  a  broad  frame  which 
carries  it  out  in  two  great  horns  on  the  sides,  and  is  decorated  with  silver 
and  semiprecious  stones.  Laymen  wear— or  wore— their  hair  in  a  queue, 
and  lamas  have  shaven  heads. 

J)iscufisio7i 

It  would  profit  little  to  extend  our  survey  of  adaptntions  to  cold  to 
other  Asiatic  peoples.  The  Tihetan’s  tent  is  less  good  than  the  ISIongol  s, 
and  his  house  is  less  ingeniously  contrived  than  the  Chinese  dwel  ing.  n 
Fasten,  Turkestan  one  finds  n.iieh  Chinese  and  Mongol 
w  estern  Turkestan  it  is  the  Islamic  civilization  which  has  made  the  greater 
mark;  in  either  region  the  adaptations  to  climate  are  very  similar  to  those 
which  we  have  discussed,  or  at  least  no  better. 
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Throughout  Central  Asia,  people  use  sheepskin  a  good  deal  for  really 
cold  weather.  Clothes  are  made  loose,  with  long  sleeves  that  can  cover  the 
hands,  and  long  gowns  that  reach  to  the  ankles  are  much  in  favor.  These 
are  not  impractical  garments  for  mounted  men,  as  they  are  cut  full  enough 
to  cover  each  leg  completely,  and  they  stay  in  place  when  the  wearer  is  in 
the  saddle.  They  are  good  also  to  sleep  in.  Houses  throughout  Central 
Asia  are  generally  made  of  mud  brick  or  stone;  wood  is  the  exception. 
Braziers  are  much  used  for  heating.  One  may  find  fireplaces,  much  like 
our  own,  in  the  domain  of  Persian  influence,  but  they  appear  to  be  rare. 
The  Chinese  k’ang  is  the  best  approximation  to  a  furnace  in  the  whole 
region.  Its  greatest  merit  is  extreme  economy:  none  of  the  heat  from  the 
cooking  fire  is  wasted. 

In  comparing  the  Central  Asiatic  peoples  with  those  of  the  circumpolar 
region,  one  must  remember  that  the  Eskimo  and  the  Chukchee  are  faced 
with  a  most  severe  environment,  and  accomplish  little  beyond  barely 
keeping  alive,  whereas  the  Central  Asiatics  enjoy  more  resources  and  an 
easier  climate,  and  have  had  energy  left  over  for  distinguished  achieve¬ 
ments  in  technology,  politics  and  religion.  So,  in  comparing  them  with 
the  circumpolar  peoples,  whatever  the  native  ability  of  the  latter  may  be, 
we  are  comparing  human  groups  at  totally  different  levels  of  culture. 

In  view  of  this,  it  is  all  the  more  remarkable  to  find  that  Eskimo  and 
Chukchee  clothing  and  Eskimo  houses  are  unsurpassed  for  extremely 
cold  weather.  It  is  true  that  they  have  better  material  for  clothing,  for 
reindeer  or  caribou  hide  is  definitely  superior  to  sheepskin,  and  fur  in 
Central  Asia  is  for  the  rich  only.  The  circumpolar  peoples  seem  also  to 
understand  the  principles  of  using  several  layers,  and  of  keeping  sweat 
out  of  the  clothing,  better  than  the  Central  Asiatics.  Still,  by  and  large, 
there  is  less  difference  in  winter  dress  between  the  two  groups  than  one 
would  expect  from  the  difference  in  cultural  level. 


In  the  matter  of  housing,  the  differences  are  more  marked  and  less 
consistent.  The  Eskimo  house  is  the  warmest  among  the  fixed  dwellings 
ve  have  considered,  and  the  one  in  wiiich  heat  is  used  most  efficiently, 
but  it  is  unfit  for  use  in  warm  Aveather  and  is  only  large  enough  for  the 
feeding  and  sleejiing  of  a  feAV  individuals.  Such  structures  Avould  be  hope¬ 
lessly  insufficient  for  the  numerous  indoor  occupations  A\diich  civilized 
people  must  carry  on  at  all  seasons  in  fixed  dwellings.  The  buried  log 
house  of  the  Maritime  Koryak  is  roomier,  but  still  inconvenient,  and 
damp  for  long  summers.  The  Eskimo  suoav  house  is  perfect  for  brief  cami)- 
mg,  bib  It  can  be  built  and  used  only  under  special  meteorological  condi¬ 
tions.  Hie  Eskimo  summer  tent  is  inferior  to  the  ISIongol  yurt. 

It  will  not  have  escaped  the  reader  that  the  yurt  is  quite  like  the  Chiik- 

'“'T ’  box,  and  one  is  surprised 

lial,itatio  “  part  of  the  Cluikchee 

outsidrt  '  t  "'b'’''  temperature 

out^de  IS  -40  I-.  Assuming  both  observations  to  be  correct  one  is 

cimed  to  la.v  the  difference  to  interior  stopping  of  cracks  and  holes 

na'rt  of  tl  '’“Of  covering,  or  failure  to  I, urn  enough  fuel,  on  tlie 

bin  /l  ‘b®  ^''Ukchee.  It  ma.v  well  be  that  the  Chukchee,  who  has  less  fuel 
thai  the  Mongol,  is  not  nineli  interested  in  heating  the  outer  mirof  is 
dwelling,  because  he  expects  to  spend  his  leisure  i®  the  hlr  bormr^a:.! 
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Whatever  Uie  explanation,  the  example  points  one  useful  lesson:  the 
thermal  efliciency  of  a  structure  depends  largely  on  how  it  is  used,  and 
cannot  be  judged  from  design  alone. 

Another  point  of  some  general  interest  emerges  from  our  study.  People 
do  not  always  utilize  a  superior  method  of  adapting  themselves  to  the 
conditions  under  which  they  live,  even  when  examples  of  it  are  before 
them.  Thus  the  Chukchee  women  wear  clothing  less  convenient  than  that 
of  their  Eskimo  sisters,  although  the  Eskimos  are  their  neighbors,  and 
the  Tibetan  nomads  live  in  worse  tents  than  the  IVIongols,  although  the 
Mongol  yurt  is  familiar  to  many  among  them.  These  choices  seem  to 
depend  on  jisychological  forces.  It  follows  that  anyone  who  is  trying  to 
introduce  imiirovements  should  be  as  much  concerned  with  their  psycho¬ 
logical  acceptability  as  with  their  technical  merits. 

Sujjgfestions.  There  seems  to  be  no  doubt  that  Eskimo  clothing  is  the 
most  efficient  yet  devised  for  extremely  cold  weather.  At  the  same  time, 
the  usefulness  of  long  gowns  or  coats  like  those  of  the  jMongols  and 
Tibetans,  which  cover  the  legs  and  avoid  the  necessity  for  very  thick 
trousers,  deserves  to  be  investigated.  It  is  noteworthy  that  the  winter 
overcoat  of  the  Russian  has  traditionally  been  very  long,  and  that  the 
Burberry  cavalry  model  trench  coat,  which  has  a  voluminous  skirt, 
showed  itself  in  World  War  I  to  be  a  comfortable  and  jiractical  garment 
for  active  campaigning.  Over-long  sleeves,  which  can  be  folded  back  or 


brought  down  to  cover  the  hands,  are  also  worth  trying. 

In  the  matter  of  fixed  houses  for  cold  winters,  the  use  of  half-buried 
buildings  jiatterned  on  the  Eskimo  hut,  and  utilizing  the  same  principles 
of  heat  distribution  and  air  flow,  should  be  considered.  A  winter  tent  based 
on  the  Mongol  yurt  should  prove  satisfactory  for  mobile  parties  which 
have  ample  traiisiiort. 

A  study  of  the  usefulness  of  keeping  interiors  in  cold  climates  at  very 
high  temperatures,  so  the  occupants  must  strip  and  will  sweat  jirofusely, 
would  be  of  interest.  This  is  the  practice  of  the  coastal  Eskimo  and  the 
Chukchee,  whose  adaptation  to  their  arctic  habitat  is  notably  successful. 

Finallv,  in  the  field  of  pure  research,  there  is  room  for  studies  of  the 
resistance  of  special  groujis  to  extreme  cold.  Rasmussen’s  and  Birket- 
Smith’s  observations  on  the  Inland  and  the  Caribou  an( 

Bogoras’  account  of  the  Chukchee,  suggest  that  we  are  not  fully  familial 
with  all  the  factors  that  enter  into  acclimatization. 


NAKED  PEOPLES  EXPOSED  TO  COLD 

'rhere  are  primitive  peoples  in  the  world  who  live  naked  or  almost  naked 
under  fairly  severe  climatic  conditions.  In  large  measure,  they  meet  t  le 
stress  of  cold  by  jiliysiological  adaptation,  contra.sting  m  this  with  t  ie 
peoples  describ(>d  in  earlier  .sections,  who  have  developed  elaborate  clot 

iiig  to  help  them  keep  warm. 

Tlieso  naked  peoples  iTilniliit  leniole  and  niaccessilde  areas,  «  ii 
modern  times  Ihey  Inive  been  proleeled  I'rom  pressnre  l.y  more  advance  I 
neigldmrs  l.y  natnral  ol.slacles,  distance,  or  the  poverty  of  their  env.ron- 
refd  'I'liev  have  followed,  and  still  follow  where  they  survive,  a  way  of 
life  that  is  paleolithic  in  all  its  essentials.  Sneh  folk  were  tonnd  by  Lnro- 
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11  Australia,  Tasmania,  South  Africa  and  South  America.  Two 
_>s  will  be  described:  the  inhabitants  of  Tierra  del  Fuego,  at  the 


pea  ns  iii 

examjiles  w.n  - -  —  -  ,  . 

southern  tip  of  South  America,  and  the  Australian  aborigines. 

The  F lie y kins* 

The  southern  end  of  South  America  narrows  to  a  blunt  point,  inclined 

•.  r»-7%r  _  i-  K 

soniew ' 
island 


;  souinern  eiiu  oi  ooum  /imcnca.  iicmw.ro  i-w  — ,  — 

diat  eastward,  its  tip  cut  off  by  the  Straits  of  Alagellan  to  form  the 
of  Tierra  del  Fuego.  The  Andes,  which  swing  southeast  in  accord 
with  the  general  trend  of  the  land  mass,  divide  the  region  into  two  con¬ 
trasting  iiortions.  The  western  coast  of  the  mainland,  and  the  west  and 
south  coasts  of  Tierra  del  Fuego,  are  mountainous  and  deeply  indented, 
with  many  fjords  and  islands.  There  is  heavy  rainfall,  and  the  islands  and 
the  lower  slopes  of  the  mountains  are  covered  with  dense  forest.  East  of 
the  Andes,  the  climate  is  drier  and  the  country  more  open,  with  rolling 
prairie  in  northeastern  Tierra  del  Fuego,  and  a  broken  plateau,  with  some 
scrub  and  brush,  on  the  mainland. 

The  aborigines  of  the  whole  region  were  American  Indians.  None  cul¬ 
tivated  any  domestic  plant — indeed  the  climate  would  hardly  permit  it — 
and  none  had  any  domestic  animals  except  the  dog.  The  inhabitants  of 
the  western,  forested  coast  drew  most  of  their  sustenance  from  the  sea, 
used  canoes,  and  hunted  with  spear  and  harpoon.  From  north  to  south, 
there  were  the  Chono,  now  extinct,  between  latitude  43°  30'  and  latitude 
48  degrees  South;  the  Alacaluf,  who  still  survive,  from  latitude  48  degrees 
South  to  the  islands  west  of  Tierra  del  Fuego;  and  the  A'ahgan,  now  almost 
vanished,  on  the  wooded  south  coast  of  Tierra  del  Fuego  and  its  islands. 
On  the  eastern  or  Atlantic  side  of  the  Andes,  the  Indians  were  land 
hunters  whose  principal  weapon  was  the  bow.  The  Ona,  who  are  fast  dis¬ 
appearing,  lived  north  of  the  A'ahgan  and  east  of  the  Alacaluf  on  Tierra 
del  Fuego,  and  the  Tehuelche  were  in  Patagonia,  north  of  the  Straits  of 
1  agellan.  Of  these  last  some  survive,  but  it  is  not  clear  how  niany.f  Each 
of  the  tribes  had  some  contact  with  its  neighbors;  boundaries  were  not 
altogether  sharp,  and  there  was  some  intermarriage. 

All  these  peoples  were  at  the  same  general  cultural  level,  though  there 
were  interesting  differences  between  them.  In  general,  the  further  south 
ley  lived  and  the  more  severe  the  weather,  the  less  clothing  they  seem 
o  lave  worn.  As  the  object  of  this  section  is  to  illustrate  physiological 
atlaptalion  to  diniate,  we  must  select  for  description  the  peoplewlio  lore 

YaUmf  Fort “m  ''7'^  i"’  Tliese  are  the 

is  avaiiabfeT  ''  »»  ‘I’ar  way  of  life 

'"Jiau.,,”  Julia.,  H. 

Bulletin  143,  Vol.  I,  1946.  ’  nstitution.  Bureau  of  .\inencan  Ethnology, 

t  The  progressive  disappearance  of  so  many  of  these  Deooles  in  U  f  j  . 

t)y  various  authors  to  the  ravages  of  smallnov  H.r.  .  m  the  last  century  is  laid 

clothing,  and  the  spread  of  pulmonarv  disPiU  "^Judicious  use  ot  white  man’s  food  and 
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Country  and  Climate.  The  Yahgan  occupied  the  strip  of  land  between 
Heagle  Channel  and  the  mountains  north  of  it,  on  Ticrra  del  Fuego  proper, 
and  the  whole  archii)elago  of  mountainous  islands  to  the  south  of  Beagle 
(  hannel.  Both  the  coast  and  the  islands  are  heavily  wooded,  uj)  to  about 
1500  feet,  above  this  are  fields  of  snow  and  ice.  The  forest  is  a  tangle  of 
lallen  trunks  and  undergrowth,  difficult  to  penetrate. 

The  climate  is  cool,  damp  and  stormy.  There  are  occasional  snowfalls, 
e\  en  in  summer.  At  Ushuaia,  on  Beagle  Channel,  the  mean  annual  tem¬ 
perature  over  a  ten-year  i)eriod  was  42.8°  F.,  the  winter  mean  34.7°  F., 
and  the  summer  mean  50.2°  F’.,  with  an  average  yearly  j)recipitation  of 
24.8  inches.  Most  of  the  winds  are  westerly,  and  precipitation  on  the  wind¬ 
ward  sides  of  the  islands  is  almost  continuous.*  Squalls  and  strong  gales 
are  common.  1  he  seas  off  shore — presumably  outside  the  archipelago — are 
described  as  “mountainous.” 

People  and  Way  of  Life.  The  Yahgan  lived  along  the  shore,  in  small 
groups  composed  of  one  or  two  families,  and  shifted  their  cam])s  fairly  fre¬ 
quently.  Sea  food  was  more  al)undant  and  easier  to  obtain  than  land 
animals,  so  they  seldom  went  inland,  devoting  themselves  instead  to  hunt¬ 
ing  sea  mammals  and  birds,  fishing,  and  gathering  mussels,  crabs,  limpets 
and  sea  urchins.  They  were  much  on  the  water,  and  traveled  by  water 
almost  exclusively,  using  canoes  about  15  feet  long,  built  of  three  long 
strips  of  thick  beech  bark  sewn  together,  and  fitted  with  ribs,  gunwales 
and  thwarts.  Wood,  stone  and  shells  supplied  the  materials  for  their 
im])lements.  Of  the  general  absence  of  agriculture  and  domestic  animals 
we  have  already  s])okcn.  Even  dogs,  the  sole  companions  of  the  \ahgans’ 
wanderings,  seem  to  have  f)cen  a  recent  acquisition,  for  they  are  not 
mentioned  by  the  earlier  explorers,  and  their  bones  are  not  found  in  local 
archaeological  deposits. 

The  Yahgan  were  divided  into  five  regional  groups,  each  speaking  a 
slightly  different  dialect  of  the  same  language,  but  there  was  iio  political 
organization  or  system  of  chiefs,  and  for  practical  i)urposes  each  family 
was  an  independent  unit.  Yet  each  group  resented  an  invasion  of  its 
hunting  lands  by  members  of  another  group,  or  by  outsiders. 

Marriage  was  by  free  choice,  and  generally  monogamous,  though  some 
men  had  two  wives,  usually  sisters.  Marriage  between  near  blood  relatives 
was  avoided.  Divorce  was'fairly  frequent.  In  theory  the  man  was  head  of 
the  family,  but  in  ])ractice  the  woman  had  much  inde])endeuce,  with  full 
charge  of  children,  cooking,  caring  for  skins  and  making  baskets,  and 
canoe  management.  She  also  gathered  mussels,  much  of  the  fish  and  other 
sea  food,  and  collected  eggs,  fungi  and  berries.  The  men  hunted  marine 
mammals,  otter  and  birds,  made  canoes  and  weapons,  and  did  the  heavy 
work  of  hut  building.  In  canoe  hunting  both  sexes  worked  together:  the 
man  made  the  kill  while  the  woman  handled  the  jiaddlt. 

The  Yahgan  did  not  live  only  in  small  parties;  there  were  occasional 
gatherings  of  larger  numl)ers  to  devour  a  stranded  whale,  tor  a  wedding, 
or  for  the  initiation  ceremonies  for  lioys  and  girls  which  took  place  at 
pul)erty.  On  the  latter  occasion,  the  candidates  were  subjected  to  certain 

*.\cconlIng  to  Lothrop  {Op.  cU.),  who  l.acl  access  to  .Vrgentine  Gover.unent  reports,  the 
winter  mean  at  Ushuaia  is  25  h . 
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restrictions  and  tests  of  endurance,  and  were  given  much  very  sound 
advice  as  to  future  conduct. 

According  to  Cooper,  the  Yahgan  were  courteous  to  each  other,  friendly 
and  hospitable,  with  very  real  rules  of  etiquette.  Groups  fought  occasion¬ 
ally,  and  there  were  a  few  murders,  but  relations  were  generally  peaceful 
and  there  was  no  cannibalism.  Religion  included  belief  in  a  vague  sort  of 
supreme  being.  There  were  shamans,  as  among  other  primitive  peoples, 
who  treated  the  sick  and  practiced  magic.  Charles  Darwin,  who  was  in 
contact  with  the  Yahgan  for  several  months  in  1832—33  during  the  voyage 
of  the  Beagle,  considered  them  thieving  and  treacherous,  and  said  cate¬ 
gorically  that  they  killed  and  ate  their  old  women  in  time  of  famine.* 

Food.  Mussels  were  gathered  by  hand,  limpets  with  a  flat-ended  stick, 
sea  urchins  and  crabs  with  three  and  four  pronged  spears.  Weirs  and  fish 
lines  were  in  use,  but  there  were  no  true  nets  or  hooks,  and  fish  which  had 
taken  the  bait  that  was  tied  to  a  line  were  drawn  slowly  to  the  surface  and 
then  caught  by  hand.  Seals  were  killed  with  s])ear  and  harpoon  from 
canoes,  or  with  spear  and  club  on  land.  The  Yahgan  sometimes  hunted 
whales  at  sea  with  spear  and  harpoon,  and  regularly  consumed  those  that 
were  stranded.  They  caught  birds  with  snares,  and  killed  cormorants  at 
night  with  clubs,  by  torchlight.  Dogs  were  used  in  otter  and  fox  hunting, 
but  foxes,  while  valued  for  their  skins,  were  eaten  only  in  extremity.  The 
Yahgan  diet  also  included  tree  fungi,  wild  celery,  wild  parsnips,  and  a 
few  other  vegetable  products.  Cooper  says  that  the  women  knew  how  to 
swim,  but  the  men  did  not.  Darwin  says  that  the  women  “dive  to  collect 
sea  eggs.” 


iNIussels  were  by  far  the  most  important  food,  with  fish  and  seals  next. 
There  seems  to  have  been  no  true  boiling  of  food,  though  hot  stones  were 
used  to  heat  water  or  grease.  Apparently  most  food  was  roasted.  Mussel 
shells  served  as  dishes. 

Habitations.  The  Yahgan  had  no  permanent  dwellings,  but  lived  in 
tJieir  temporary  camps,  in  huts  that  were  easily  dismantled.  One  tvpe  was 
domed,  another  conical.  The  domed  hut  was  circular  or  elliptical',  with  a 
framework  of  flexible  sticks,  bent  over  and  fastened  together,  and  covered 
w  ith  skins,  grass,  branches,  or  bark.  The  conical  hut  was  similarly  covered 
m  ^  lad  a  framework  of  straight  sticks,  arranged  in  a  circle  at  the  bottom’ 
and  brought  together  at  the  top,  as  in  the  tipi  of  the  North  American 

two  or  three  feet.  A  fire  was  built  in  the  middle.  There  was  usuallv  oim  door 
acing  the  sea;  if  two.  the.v  were  opposite  each  other.  Caves  were  some- 

cTothing^For  “m'"'  ''I'"''. "'ere  built  for  initiation  ceremonies. 

of  fox  oi  sfa  o?ter  “ri  ’’"''''‘y’'  was  a  small  cape,  made 

01  tox  oi  sea  otter  or  sealskin,  worn  fur  side  out.  It  merely  covered  the 

^  pitLc  OI  Skin  as  a  pubic  covering.  The 

awl  Geology  „f  „,e 

Murray.  1832.  ^  ^  Round  the  World.  London.  John 


30 


PHYSIOLOGY  OF  HEAT  REGULATION 


^  ahgaii  were  always  harelieaded,  and  nsnally  barefoot,  but  sometimes 
they  wore  crude  sealskin  inoeeasins,  stuffed  with  grass,  and  guanaco 
skin  leggins  ^^hen  hunting  guanaco  in  winter.  They  may  well  have  copied 
both  devices  from  their  somewhat  better-clothed  northern  neighbors,  the 
Ona.  They  also  used  crude  fingerless  gloves  on  occasion. 

The  ^  ahgan  wore  their  hair  loose,  trimming  it  with  sharp-edged  mussel 
shells,  and  removed  all  face  and  body  hair  from  both  sexes,  with  mussel 
shell  tweezers.  They  scarified  themselves  a  little  for  mourning,  and 
tattooed  a  little  for  initiation,  but  |)racticed  no  other  bodily  mutilation. 
Head  and  body  were  often  smeared  with  grease  or  oil,  which  doubtless 
had  some  protective  value.  It  was  common  to  iiaint  the  body  in  colors: 
red  for  peace,  white  for  war  or  ritual,  and  black  for  mourning. 

We  h  ave  an  interesting  picture  of  the  way  Yahgan  clothing,  or  the 
lack  of  it,  functioned  in  practice.  Late  in  18,32  the  Beagle  was  anchored 
at  Wigwam  Cove,  near  Cape  Horn,  in  what  we  now  know  was  Yahgan 
territory.  The  following  i)assage  apjiears,  under  date  of  December  25, 
1832,  in  Darwin’s  account  of  the  voyage: 


The  climate  is  certainly  wretched:  the  summer  solstice  was  now  passed,  yet  every  day 
snow  fell  on  the  hilts,  and  in  the  valleys  there  was  rain  accompanied  hy  sleet.  The  thermometer 
generally  stood  about  45°  F.,  but  in  the  night  fell  to  38°  or  40°.  .  .  .  While  going  one  day  on 
shore  near  Wollaston  Island,  we  pulled  alongside  a  canoe  with  six  Fuegians.  These  were 
the  most  abject  and  miserable  creatures  I  anywhere  beheld.  On  the  East  coast  the  natives  , 
as  we  have  .seen,  have  guanaco  cloaks,  and  on  the  west,  they  possess  sealskins.  .Vmongst 
these  central  tribes  the  men  generally  have  an  otter  skin,  or  some  small  scrap  al)out  as  large 
as  a  pocket  handkerchief,  which  is  barely  siifficient  to  cover  their  backs  as  low  down  as 
their  loins.  It  is  lace<l  across  the  breast  by  strings,  and  according  as  the  wind  blows,  it  is 
shifted  from  side  to  side.  But  the  Fuegians  in  the  canoe  were  quite  naked,  and  even  one  full- 
grown  woman  was  absolutely  so.  It  was  raining  heavily,  and  the  fresh  water,  together  with 
the  spray,  trickled  down  her  body.  In  another  harbor  not  far  distant,  a  woman,  who  was 
suckling  a  recently-born  child,  came  one  day  along.side  the  vessel,  and  remained  there  out 
of  mere  curiosity,  whilst  the  sleet  fell  and  thawed  on  her  naked  bosom,  and  on  the  skin  of 
her  naked  baby!  .  .  .  .\t  night,  five  or  six  human  beings,  naked  and  scarcely  protected  from 
the  wind  and  rain  of  this  tempestuous  climate,  sleep  on  the  wet  ground  coiled  up  like  animals.* 


Comment.  Darwin’s  oliservation.s,  whicli  were  made  in  mid.snmmer, 
establish  alike  the  villainousness  of  the  Fnegian  elimate  and  the  ahgans 
comparative  indifference  to  it.  Cooperf  reaches  a  very  similar  conclusion. 
His  words  are  worth  rejieating  verbatim: 

The  ch)thing  of  the  Yahgan  seems  to  us  utterly  inadequate,  given  the  climatic  condi¬ 
tions— temperatures  commonly  around  and  well  below  freezing  point  m  winter,  high  winds, 
frequent  snow,  hail,  sleet  and  cold  rain-hut  in  view  of  the  seeinmg  role  played  m  their 
decline  by  introduced  European  clothing  and  their  relative  good  health  prior  thereto,  perhaps 
their  clothing  was  reasonably  well  adapted  to  the  environment. 

That  the  Fuegians  had  a  remarkable  physiological  adjustment  to  the 
rigors  of  their  environment  is  proved  by  another  ob.servation  of  Darwin  s. 
In  January  18.33  he  accompanied  a  small  boat  cxidoring  party.  Under  date 
of  January  22  he  has  the  following  jiassage: 

U  night  we  slept  close  to  the  junction  of  Fonsonby  Soun.l  with  the  Beagle 
small  family  of  Fuegians,  who  were  living  in  tl.e  cove,  were  quiet  and  moflen.sive, 


*  Darwin:  Op.  cit. 
t  Op.  cit. 
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joined  our  party  round  a  blazing  fire.  We  were  well  clothed,  and  though  sitting  close  to  the 
fire  were  far  from  too  warm;  yet  these  naked  savages,  though  further  off,  were  observed,  to 
our  great  surprise,  to  be  streaming  with  perspiration  at  undergoing  such  a  roasting.  They 
seemed,  however,  very  well  pleased,  and  all  joined  in  the  chorus  of  the  seamen  s  songs. 

It  is  evident  tliat  there  are  physiological  adjustments  in  operation 
among  the  Fnegians  which  call  for  investigation.  The  Yahgan  are  virtu¬ 
ally  extinct,  but  the  Alacaluf,  who  live  nearby  under  similar  conditions, 
still  retain  their  ])rimitive  culture.  They  should  be  studied  before  they 
share  the  fate  that  seems  to  await  the  most  primitive  peoples. 

Fortunately,  the  physiological  reactions  of  naked  peoples  to  cold  are 
not  a  complete  mystery,  for  much  good  work  has  already  been  done  on 
the  subject  among  the  Australian  aborigines.  The  cold  is  not  sustained,  as 
in  Tierra  del  Fuego,  and  the  climate  is  a  dry  one;  otherwise  the  problem 
appears  to  be  somewhat  similar.  We  turn  now  to  that  topic. 


The  Australian  Aborigines 


When  Australia  was  first  discovered,  the  whole  continent  was  occupied 
by  savages  who  lived  exclusively  by  hunting  and  food  gathering.  Some  of 
them  still  survive,  living  in  the  old  way,  but  they  have  been  pushed  back 
into  the  more  arid  and  less  desirable  part  of  the  country.  Physically,  they 
are  of  medium  stature,  with  strong  brow  ridges,  retreating  foreheads,  long 
to  medium  heads,  and  broad  strong  noses  deeply  depressed  at  the  root. 
Skin  and  eyes  are  dark  brown,  the  hair  usually  black  and  wavy.  Beard 
and  body  hair  are  abundant.  They  seem  to  represent  a  very  old  racial 
mixture,  and  to  have  lived  in  isolation  for  long  ages. 

These  people  and  their  institutions  have  been  studied  exhaustively  by 
skillful  observers,  and  have  been  described  in  many  anthropological  text- 

books.f  It  will  suffice  here  to  recall  a  few  salient  features  of  their  environ¬ 
ment  and  culture. 


CIiitiate.$  Natural  conditions  in  Australia  vary  greatly.  In  the  south¬ 
east  there  is  something  approaching  true  winter,  and  snow  lies  for  several 
months  in  the  highlands.  At  Darwin  on  the  north  coast  the  climate  is 
tropical,  with  a  mean  temperature  of  more  than  80°  F.,  and  an  annual 
rainfall  of  61.37  inches.  Much  of  the  interior  is  arid,  particular! v  in  the 
central  and  western  parts  of  the  continent,  with  11  inches  or  less  of  rainfall 
per  annum.  The  and  zone  has  a  moderate  mean  temperature  but  there  is 
a  great  difference  between  day  and  night.  At  Alice  Springs,  almost  exactly 
m  die  center  of  the  continent,  the  mean  temperature  varies  between  81.8° 
I.  Ill  January  and  53.2°  m  July,  but  extremes  of  117°  F  and  «>3°  F  hivp 
been  recorded,  and  night  temperatures  below  freezing  are  freqlient  ‘ 
Environment  and  Way  of  Life.  In  Central  Australia,  die  country 
*  Darwin:  Op.  cit. 

t  ihe  works  of  B.  Spencer  and  F.  ,1.  Gillen  are  cla<j«:f>Q  i  •  i  i 

Much  of  wl,„t  follows  is  taken  front  their  volur^e^:.,  Iw Trunta 
Uur  inniitive  Contemporaries,  by  G.  P.  Murdock  -n 

an  excellent  account  of  the  Aranda— identical  with  the  Art  Macmdlan,  1934,  gives 
t  The  figures  in  this  paragraph  are  drawn  tron,  I  S  it  , 

\earbook  for  1941;  the  general  statements  fr  t’l  ‘ P*'’ Climate  and  Man, 
and  the  works  of  Spencer  S  Gillen  ^  Britannica,  Hlh  Ed.. 
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wallabies,  emus  and  other  birds  and  animals,  including  snakes,  rats,  frogs 
and  lizards;  they  consume  insects,  and  also  feed  on  grass  seeds,  tubers, 
fiuits  and  honey.  ^lost  of  the  tood  is  roasted,  or  baked  in  the  ashes,  there 
being  no  vessels  for  any  other  sort  of  cookery.  The  dog  is  the  only  domestic 
animal,  and  there  are  no  cultivated  plants  whatever.  This  is  not  wholly 
the  fault  of  the  aborigines,  for  no  plants  fit  for  domestication  existed  in 
Australia  until  the  white  man  introduced  them. 

1  here  is  a  fair  division  of  labor  between  the  sexes,  men  hunting  the 
larger  birds  and  animals  with  spear,  spear  thrower  and  boomerang,  while 
women  gather  small  animals,  insects  and  plant  food,  digging  out  their 
quarry  with  a  stick  and  bringing  it  home  in  a  large  shallow  wooden  basin. 
Cannibalism  occurs,  but  is  infrctpient. 

The  j)eople  are  generally  sturdy  and  well  nourished,  except  for  occasional 
famine.  The  women  age  raj)idly,  and  it  is  said  that  by  the  time  they  are  30 
they  are  indescribably  hideous.  Spencer  and  Gillen,  who  lived  long  with 
the  Arunta,  express  the  opinion  that  under  ordinary  circumstances  the 
life  of  the  native  is  “by  no  means  a  miserable  or  a  very  hard  one.” 

Tools  and  Habitations.  The  material  equipment  of  the  Australian 
aborigines  is  very  limited.  The  men’s  tools  and  weapons  include  stone 
knives  and  axes,  shields,  spears  with  hardwood  points,  spear  throwers  and 
boomerangs.  Women  have  long  wooden  troughs,  or  basins,  and  digging 
sticks.  They  also  use  crude  si)indles  for  twisting  thread,  grinding  stones, 
and  containers  made  of  the  skin  of  some  animal  or  woven  from  string  made 
of  vegetable  fibers.  That  completes  the  list  of  the  aborigines’  material 
possessions,  except  for  bits  of  stone  and  wood  used  in  ceremonies,  and 
personal  ornaments. 

In  many  cases  there  is  no  habitation,  strictly  speaking;  people  simply 
lie  down  at  night  in  the  lee  of  a  pile  of  branches,  ^2  or  2%  feet  high,  which 
breaks  the  wind,  or  in  a  hollow  in  the  sand,  and  derive  what  heat  they 
can  from  small  fires  built  quite  close  to  the  body.  In  other  cases  somewhat 
larger  shelters,  4  or  5  feet  high  and  built  of  branches,  arc  reported,  let 
domed  huts  covered  with  leaves  or  kangaroo  skins  were  formerly  used 
in  the  northeast,  and  in  the  .southeast  there  were  huts  re.sembling  the 

Indian  tipi,  and  covered  with  sticks  and  sods.  •  ,  i  i 

Clothing  and  Ornament.  IVIost  Australian  aborigines  go  entirely  naked 
except  for  a  few  ornaments,  although  it  is  reported  that  ni  the  southeast 
they  formerly  wore  the  skins  of  single  animals.  In  Central  Australia  t  it\ 
use  neither  Itliing  nor  covers  of  any  .sort.  In  the  words  of  Spencer  and 

Gillen,  “The  i.lea  of  making  any  kin.l  of  clothing  ns  a  [’7>  '2^ 

cold  does  not  appear  to  have  entered  the  native  mind.  It  tolhnvs  that 
when  these  people  slecii  out  of  doors  in  cold  weather,  there  is  no  msiiliition 
whatever  belwecn  them  and  the  ground,  and  nothing  to  1’^™."^ 
to  the  air  from  the  body.  Scarification  is  CNtensive,  indulged  in  for  oina- 
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nient.  In  some  tribes  an  upper  front  tooth  is  knocked  out.  1  he  practice  of 
subincision— splitting  the  urethra  with  a  stone  knife,  to  the  base  of  the 
penis,  as  a  part  of  the  male  initiation  ceremonies — is  widespread  but  not 
universal.  The  nasal  septum  is  often  pierced  to  admit  a  bone  skewer. 
Ornaments  include  strings  of  fur,  belts  of  human  hair,  and  feathers  stuck 
onto  various  parts  of  the  body,  with  a  little  of  the  wearer’s  blood  to  serve 
as  adhesive.  Hair  and  body  are  often  smeared  with  grease  and  red  ochre, 
and  the  body  is  painted  in  various  patterns  for  ceremonial  purposes. 

Comment.  The  Australian  aborigines,  like  the  Fuegians,  endure  severe 
exjiosure  to  cold  with  a  minimum  of  protection.  Both  populations  are 
naked.  In  Australia  the  climate  is  dry,  in  winter  cold  at  night  but  hot  in 
the  daytime.  The  native  sleeps  out  with  no  covers  whatever  and  no  shelter 
except  a  miserable  windbreak,  but  he  is  warmed  by  small  fires  near  him. 
In  Tierra  del  Fiiego  the  climate  is  wet,  cold  and  raw.  The  native  has  a 
small  scrap  of  a  cloak,  which  he  often  discards,  and  a  hut  of  sorts,  with  a 
fire  in  it,  but  he  is  exposed  to  greater  heat  loss  during  the  day  than  the 
Australian,  because  rain,  snow  and  sleet  fall  on  the  bare  body,  and  his 
maritime  way  of  life  exposes  him  to  constant  wetting  with  sea  water. 

In  both  cases,  the  conditions  are  so  severe  and  the  protection  against 
them  is  so  deficient,  that  our  wonder  is  excited  at  the  ability  of  the  native 
to  survive,  and,  apparently,  to  maintain  good  health.  Nevertheless,  the 
facts  are  well  attested.  A  published  investigation  of  the  way  in  which  this 
is  accomplished  is  therefore  of  considerable  interest. 

Experimental  Investigations  and  Findings.  The  ability  of  the  Aus¬ 
tralian  aborigines  to  endure  cold  has  aroused  the  curiosity  of  medical 
investigators.  A  series  of  studies  by  Sir  Stanton  Hicks  and  his  associates 
throws  much  light  on  the  physiological  mechanisms  involved. 

Their  first  investigation,  published  in  1931,  was  carried  out  on  about 
forty  full-blooded  aborigines  of  the  Kokata  tribe,  gathered  about  the 
Lutheran  IMission  at  Koonibba,  in  arid  country  near  the  head  of  the 
Australian  Bight.  Basal  metabolic  rates  were  found  to  run  lower  than 
would  be  expected  for  Europeans  of  similar  weight  and  stature  These 
subjects  were  largely  detribalized,  wore  scraps  of  European  clothing  and 
lived  on  a  scanty  diet,  issued  to  tide  them  over  a  time  of  scarcity. 

The  second  mvestiption,  published  in  1933,  was  carried  out  on  An- 
matjera  and  Ilpirra  tribesmen,  living  under  tribal  conditions  near  Cocka- 
oo  Creek  >n  Centra  Australia,  in  latitude  22  degrees  South  and  longitude 
132  degrees  East.  They  were  subsisting  on  their  own  diet,  plus  a  supple- 


ment  of  wheat  and  raisins  issued  at  the 


„„i»  I. 

close  to  them,  usually  three  fires  tor  two  men.  They  lav  fully  extended 
and  were  tor, ml  when  first  waked,  not  shivering;  Init  when  fully  awake 
icy  would  act  as  if  they  felt  cold,  and  refilenish  the  fires.  It  was  winter 
and  early  moruing  tem,ieratures  ran  -2°  C.  to  10»  C..  with  temperatures 
later  in  the  day  as  high  as  33“  C.  The  observations  which  were  inade  on 
metabolic  rates  are  covereil  by  the  summary  in  later  ZZZ  Z  tT 
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I  ulthei  iii\ t'stigjitioiis  were  carried  out  during  the  same  ex[)edition  on 
another  group  of  tribal  natives,  living  under  similar  conditions,  at  Mt. 
Liebig,  |^5()  miles  west  of  Alice  Springs,  and  were  published  in  1934.  Here 
the  subjects  were  ke})t  quiet  from  G  a.ai.  to  1  p.m.,  with  measurements  of 
gaseous  exchange;  half  of  them  were  fed  a  meal  of  almost  raw  meat  at  8 
A.M.,  the  rest  kej)t  tasting.  The  investigators  summarized  their  results  as 
follows: 


1.  Purtlier  oxygen  consumption  estimations  on  naked  Central  Australian  aboriginals  in  a 
state  of  nature  disclose  no  essential  departure  from  the  normal,  even  in  the  cold  of  early 
morning. 

2.  Corrected  values  for  previously  published  results  svihstantiate  this  conclusion. 

3.  The  specific  dynamic  response  to  ingestion  of  raw  meat  is  both  rapid  and  extensive, 
rising  in  some  cases  to  80  per  cent  in  five  hours. 

•1.  4'he  respiratory  quotient  after  protein  ingestion  rises  rai)idly  towards  unity  in  five 
hours;  and  in  the  fasting  subject  falls  towards  0.7  in  the  same  period. 

5.  Surface  area  measurements  and  pelidisi  values  are  similar  to  those  for  Western  European 
races,  and  differ  from  those  obtained  on  coastal  tribes  near  the  head  of  the  Australian  Eight.* 


The  last  ])art  of  the  iiivestigatiou,  published  iii  three  papers  iu  1938,  was 
carried  out  in  the  Musgrave  Range,  in  latitude  2(5  degrees  south  and 
longitude  131  degrees  east.  Again  the  subjects  were  tribal  natives.  To 
avoid  the  manifold  difficulties  of  measuring  the  cooling  power  of  the 
environment  accurately  out  of  doors,  in  the  presence  of  a  number  of  small 
open  fires,  the  sulqects  were  ])laced  in  tents,  and  the  experiments  were 
carried  on  while  the  temperature  was  falling  in  the  late  afternoon.  To 
secure  a  term  of  compari.son,  white  men,  stripped  naked,  were  jdaced  in 
the  same  position  (prone  on  the  ground)  in  exactly  similar  tents  along¬ 
side,  and  were  subjected  to  the  same  measurements  at  the  same  time.  1  he 
in v^estigators  stated  their  conclusions,  on  the  physiological  adjustments 
which  the  aborigines  make  to  low  temperatures,  in  the  following  language: 


The  feature.s  of  the  adjustment  by  the  native  to  meet  these  circumstances,  as  far  as  we 
have  f>een  able  to  determine  them,  are  as  follows:  (1)  As  the  result  of  the  use  of  small  hres 
to  which  he  is  able  to  lie  very  close,  areas  of  inten,sely  high  skin  temperature  are  ound  on 
the  body  of  the  sleeping  natives.  It  is  possible  that  in  this  way  a  large  amount  o  radiant 
heat  is  absorbed  so  that  the  balance  can  be  preserved  despite  the  fact  that  the  other  par  s 
of  the  body  are  so  intensely  cohl.  The  magnitude  of  the  factor  we  have  not  determined 
but  it  appears  probable  that  the  conception  of  a  rapid  loss  of  heat  from  the  cohl  parts,  notablj 
the  extremities,  balanced  by  heat  ab.sorption  at  hot  areas  is  a  correct  one. 

(i)  4'he  native  has  an  extremely  active  control  of  liis  skin  circulation,  am  '  . 

a  cold  part  is  minimized  by  a  diminution  of  the  circulation  through  that  part  More o^e 
appears  that  this  control  is  more  definitely  localized  tlian  is  the  case  m  'V'  ‘  ‘ 

this  combination  of  the  maximum  limitation  of  circulation  in  the  Xlie^^^ 

uf  heat  loss,  with  a  considerable  uptake  of  heat  froin  the  areas  X’  en  me  A 

to  constitute  the  means  by  which  the  native  is  eind.leel  to  maintain  ^  X^^e  We 

(3)  De.spite  the  cold  environment  the  metabolism  of  the  native  (  -  (.onditions  in 

liave  not  as  yet  compared  the  re.sponses  of  whites  and  natives  under  identical 
,irrc,,K.cu'ut“,«^e  i»  no  clouM  tl.at  wl.i.es  un.ler  conditions  „|„.roaolnng  tl.osc  of  .l.e 

natives  would  show  such  a  change.  ...  _  r  i  i  •  m  did  tlie 

“.  .  .  The  natives  experienced  the  subjective  sen.sations  o  (o<  '  native  being  able 

■  .  Hicks,  C.  Stanton,  ^foorc,  II.  (I.,  an,l  iw'"'*' 
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of  this  increased  adrenal  activity.  In  the  native,  however,  no  such  general  response  occurs, 
and  in  consequence  the  vagotonic  state  necessary  to  sleep  is  not  reversed.  The  native  main¬ 
tains  his  body  temperature  by  a  local  reflex  controlling  the  skin  circulation  and  the  genera 
autonomic  system  is  not  involved.* 

Discussion 

This  concludes  our  exaniinatioii  of  naked  savages  exposed  to  cold.  The 
peoples  we  have  described  are,  for  today,  exceptional;  but  one  must  re¬ 
member  that  agriculture  only  began  eight  or  ten  thousand  years  ago,  and 
that  all  mankind,  including  our  own  ancestors,  lived  by  hunting  and 
gathering  until  then.  Men  existed  in  Europe  during  at  least  part  of  the 
later  glaciations,  and  there  is  no  reason  to  believe  that  these  predecessors 
of  ours  were  any  less  able  to  endure  cold  than  the  Fuegians  and  the  native 
Australians. 

This  raises  the  question  whether  the  physiological  adaptations  which 
Hicks  and  his  associates  have  described  are  racial  peculiarities,  or  whether 
they  are  responses  to  environment  which  would  be  possible  also  for  the 
white  man,  were  he  sufficiently  acclimatized.  Granted  that  no  white  man 
of  our  acquaintance  is  anxious  to  sleep  out  of  doors  with  no  clothes  on  in 
freezing  weather,  the  question  still  has  theoretical  interest.  An  experi¬ 
mental  study  should  not  be  difficult,  for  one  need  not  go  to  the  extremes 
encountered  in  Australia.  It  is  simply  a  question  of  whether  the  skin,  when 
accustomed  to  exposure,  functions  more  efficiently  as  a  garment  for  the 
tissues  than  it  does  when  habitually  clothed.  The  problem  could  be  ap¬ 
proached  through  calorimetric  studies  on  young  men  in  the  spring,  and 
again  in  the  fall,  after  they  have  spent  a  summer  in  camp  without  shirts 
in  a  cool  climate.  Plenty  of  subjects  should  be  available  in  a  college  popu¬ 
lation.  The  results  might  tell  us  much  about  acclimatization. 


ADAPTATIONS  TO  HEAT 

INTRODUCTION 

The  problem  of  analyzing  folk  adaptations  to  heat  differs  from  that  of 
studjung  similar  adaptations  to  cold.  In  very  cold  climates,  man  cannot 
survive  without  a  number  of  complex  cultural  devices  whose  function  is  to 
conserve  the  warmth  of  the  body.  These  devices  can  be  described  and 
compared,  and  one  can  judge,  with  some  chance  of  being  right,  which  ones 
serve  their  purpose  best.  Hot  climates,  on  the  contrary,  are  the  natural 
habitat  of  the  primates,  and  man  can  live  in  them  with  an  absolute  mini- 
iniiin  of  cultural  equipment.  A  naked  savage,  sitting  under  a  tree  and 
t  a  m  mg  is  feet  m  a  brook,  has  made  an  almost  perfect  adaptation  to 
eat  Consequently  there  Is  nothing  to  study,  if  we  confine  ourselves  to 
the  point  of  view  which  guided  our  earlier  enquiry 

^^e  can  broaden  our  field  of  investigation, ‘however  and  ask  whpt 

Skin  Temiieralurc  aii.i  Skin  Cimil’ation  ot  N-ikml  VVlT*  ' ''  Comparison  of  the 
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Angkor  ^\at  in  Caml)odia,  and  of  tlie  Mayan  cities  in  Yucatan  and  Hon¬ 
duras,  may  cause  us  to  reject  such  a  sweeping  generalization,  l>ut  the  fact 
lemains  that  white  colonial  settlements  in  truly  tropical  countries  have  not, 
on  the  whole,  been  successful.  Some  of  the  difficulties  encountered  have 
been  due  to  iutectious  diseases,  and  some  to  economic,  social  and  psycho¬ 
logical  forces,  connected  with  the  ])resencc  of  indigenous  peoples.  Whether 
any  are  due  directly  and  exclusively  to  climate — that  is,  whether  the  white 
man  suffers  from  a  purely  racial  handicap  which  renders  him  incapable  of 
thriving  in  the  tropics — api)ears  extremely  doubtful,  in  the  light  of  experi¬ 
ence  in  the  Panama  Canal  Zone  and  in  Northeast  Australia.  These  ques¬ 
tions  have  been  ably  discussed  bv  Price  and  others. 

It  is  possible,  also,  that  the  white  man’s  difficulties  have  been  due  in 
part  to  the  way  in  which  he  went  at  his  j)roblem:  to  the  transfer,  into  a 
tropical  environment,  of  customs  and  ways  of  living  developed  in  cool 
climates,  and  ill  adapted  to  the  new  situation.  To  form  an  opinion  on  this 
aspect  of  the  question,  one  needs  a  term  of  comparison;  one  needs  to  know 
what  adaptations  to  climate  have  been  made  by  ])eo])les  who  have  created 
or  maintained  high  civilizations  in  hot  countries.  The  remainder  of  this 
paper  will  be  devoted  to  describing  and  discussing  such  adaptations.  Sep¬ 
arate  analyses  will  be  made  for  hot  dry  countries  (high  temperature  com¬ 
bined  with  high  radiation)  and  for  hot  wet  countries  (high  temperature 
combined  with  high  humidity) . 

Before  j)roceeding,  we  must  select  the  civilizations  whose  thermal  adap¬ 
tations  are  to  be  described;  and  to  do  this  we  must  form  a  clear  idea  of 
what  the  terms  civilization,  and  high  or  advanced  civilization,  mean.  The 
word  civilization  is  used  in  this  paper  in  the  ordinary  anthropological  sense, 
to  mean  the  culture  of  a  literate  peo[)le.  All  literate  cultures  have  in  fact 
possessed  a  relatively  advanced  technology  and  a  complex  social  organiza¬ 
tion,  because  the  need  for  writing  does  not  arise  till  a  certain  degree  of 
complexity  in  trade  and  government  has  been  reached;  writing  in  turn 
makes  possible  further  complexities  in  every  department  of  life.  The 
adjectives  high  and  advanced  can  be  used,  or  one  can  speak  of  notable 
achievements  when  a  civilization  has  not  only  maintained  itself  for  a 
considerable  j)eriod,  but  has  given  rise  to  ideas,  institutions  and  technical 
devices  and  processes  which  have  spread  widely,  and  have  had  a  consid¬ 
erable  effect  on  surrounding  peoples. 

The  next  point  is  to  select  civilizations  for  study.  The  examines  we  seek 

must  fulfill  two  conditions: 

1.  They  must  be  civilizations  that  have  their  homelands  in  hot  diy  or 
hot  wet  climates.  They  must  not  be  simple  extensions  into  alien  environ¬ 
ments  of  civilizations  which  have  developed  elsewhere.  Ihere  is  a  real 
dilemma  here,  for  on  the  one  hand  we  cannot  exclude  every  civilization 
which  has  received  a  powerful  impulse  from  abroad,  because  all  the  later 
civilizations  have  in  fact  received  such  impulses;  on  the  other  hand  we 
cannot  include  mere  colonies,  which  retain  much  of  the  culture  of  the 
homeland  and  are  maintained  by  constant  reinforcements.  Here  the 
criterion  may  well  be  that  each  civilization  we  study,  whatever  its  origin 
.shall  have  maintained  itself  for  some  centuries  in  a  hot  environment,  and 

shall  have  a  distinctive  character  of  its  own. 

2.  We  must  have  adequate  information  about  the  civilizations  we 
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study:  we  must  know  how  the  people  lived,  what  they  wore,  and  how 
they  were  housed;  and  to  form  a  well-rounded  picture,  we  should  know 
also  how  the  community  was  organized  and  how  it  functioned. 

Toynbee,  in  his  penetrating  study  of  the  rise  and  fall  of  peoples,  lists 
twenty-one  civilizations.  Of  these  only  three  fully  meet  our  first  criterion: 
the  Egyptian  and  the  Sumeric  for  hot  dry  climates,  and  the  Mayan  for  a 
hot  wet  climate.  All  three  were  original,  highly  creative  civilizations,  which 
owed  little,  as  far  as  we  can  tell,  to  foreigners.  In  addition,  there  is  the 
Hindu  civilization  to  consider.  Its  chief  center  is  in  the  Ganges  Valley, 
where  there  is  a  well-marked  alternation  between  cool  dry  and  hot  wet 
seasons,  but  it  has  spread  into  classic  hot  wet  countries  like  Java  and 
Cambodia,  where  it  has  given  rise  to  distinctive  local  offshoots  that  en¬ 
dured  for  centuries.  These  provide  us  with  additional  materials.  Finally, 
the  Islamic  civilization  has  extended  over  hot  dry  countries  to  such  an 
extent,  and  a  superficial  acquaintance  with  its  peculiarities  has  given  rise 
to  so  many  misconceptions,  that  it  deserves  some  mention. 

So  far  for  our  first  criterion.  As  for  the  second — the  need  for  adequate 
information — we  have  ample  details  about  contemporary  peoples.  We 
also  know  a  great  deal  about  the  daily  life  of  the  ancient  Egyptians,  be¬ 
cause  they  recorded  it  in  tomb-paintings,  and  in  funeral  offerings  of  objects 
and  models.  We  know  less  about  the  Avay  of  living  of  ordinary  people  in 
ancient  Sumeria,  in  spite  of  the  abundance  of  legal,  religious  and  business 
documents  on  clay  tablets,  for  pictorial  representations  of  everyday  life 
are  not  very  abundant.  As  far  as  archaeology  is  concerned,  the  situation  is 
even  more  difficult  for  the  Mayas,  because  of  the  special  character  of  the 
sculpture;  but  fortunately  material  remains  are  supplemented  by  full  ac¬ 
counts  of  the  daily  life  of  the  later  Maya  population,  written  by  Spaniards 
shortly  after  the  conquest. 


These  are  the  materials  that  are  available  for  study.  In  spite  of  their 
limitations,  we  must  make  the  best  of  them. 


HOT  DRY  COUNTRIES 


Near  East;  this  includes  the  region 
us,  and  from  the  Arabian  Sea  to  the 


in  hot  dry  countries  are 


that  extends  from  Egypt  to  the  Ind 
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Itditeiiaiiean,  the  Black  boa  and  the  (kis])ian.  Altitude  and  latitude  give 
much  of  this  area  a  teiiij)eratc  cliinale,  hut  the  conditions  of  high  radia¬ 
tion  combined  with  high  temperature,  which  define  our  problem,  are  well 
exemplified  in  the  Nile  Valley  and  in  Southern  Mesopotamia.  To  study  the 
indigenous  civilizations  that  developed  in  these  two  centers,  we  must  go 
back  to  an  early  ])eriod,  for  in  later  times  both  Southern  IMesopotamia 
and  Egypt  were  overwhelmed  by  peoples  of  somewhat  different  climatic 
and  cultural  background.  As  a  result  the  later  cultures  fail  to  meet  the 
first  of  the  criteria  for  the  selection  of  examjiles,  which  were  discussed  in 
the  introduction. 

The  great  ancient  civilizations  of  Egypt  and  Sumeria  will  be  described 
first.  Then  certain  aspects  of  Moslem  culture,  both  sedentary  and  nomad, 
will  be  considered. 

The  Ancient  Egyptians 

Egyptian  history  falls  into  three  })arts:  the  period  of  Egyptian  inde¬ 
pendence,  from  prehistoric  times  to  the  death  of  Cdeopatra,  in  80  n.c.; 
the  period  of  Roman  and  liyzantine  domination,  from  80  n.c.  until  the 
Arab  conquest  in  f)8J)-40  a.d.;  and  the  Islamic  period,  from  the  Arab  con¬ 
quest  until  the  i)resent  day.  The  word  independence  must  indeed  be  taken 
with  a  grain  of  salt,  as  far  as  the  first  period  is  concerned,  for  there  were 
.\ssyrian,  Babylonian,  Persian  and  Macedonian  conquests  of  Egypt  in  the 
first  millennium  n.c.,  not  to  mention  the  invasion  of  the  Hyksos  almost  a 
thousand  years  earlier,  but  by  and  large  the  adjective  can  stand.  This 
early  period  is  distinguished  from  those  that  follow  by  the  fact  that  the 
Egyptians  were  their  own  masters,  so  that  native  customs,  inventions  and 
adaptations  flourished  without  interference.  It  is  also  the  period  of  Egyjit  s 
greatness.  For  both  reasons  it  will  rci)ay  our  study.  The  foreign  cultures 
that  have  prevailed  in  Egypt  in  later  times  are  better  studied  in  their 
countries  of  origin. 

The  ])eriod  of  Egyptian  independence  is  subdivided  as  follows:  a  long 
Predvnastic  period;* the  Old  Kingdom,  ^>780-^2^270  n.c.;  the  :\riddle  King¬ 
dom,*  2 100-1 788  B.C.;  and  the  New  Empire,  1,580-1000  n.c.  The  dates  refer 
to  epochs  of  political  unity  and  great  achievement.  They  were  separated 
bv  intervals  of  di.sorder,  whose  hi.story  is  often  obscure. 

The  Country.*  The  Nile  Valley  ero.sses  the  great  desert  of  North  Africa, 
from  south  to  liortli,  ami  Esypl,  which  occupies  tlic  northern  part  of  that 
valley  is  essentially  a  long  oasis.  I'roin  the  h'lrst  Cataract,  in  latitui  c 
ilegrecs  to  the  head  of  the  Delta,  in  latitude  degrees  north,  the  river 
vallev  I.resents  a  narrow  ril.hon  of  alluvial  soil,  cneased  hetweon  barren 
hills  from  10  to  tiO  miles  ajiart.  UeyonJ  the  hills  lies  the  deser  .  us  el  i  e 
vallev  is  Upper  Egypt.  The  Nile  Delta,  known  also  as  l.ower  Egypt,  hegms 
,:b„u;  bo  biles  Don.  the  sea.  It  is  roughly  triangular  in  shape,  and  la  a 

breadth  of  about  1.5.5  miles  at  the  Mediterranean  "  es  it 

tivable  area  of  Egypt  is  about  lO.OOO  «l'oi.e  miles,  i  I  m.m  times 
supported  a  iiopniation  of  over  7,000,000  people,  and  toda}  the  hgiiie 

"  ite  dini'atblfvbry  dry,  with  mean  winter  and  suinnier  temperatures 

*.T.  II.  Breasted:  .\  History  of  Egypt,  New  York,  Serihner  s,  19’24. 


adaptations  to  CLIAIATE  among  NON-EUROPEAN  I’EOPUES 

of  5()°  F.  and  88°  F.  in  the  Delta.  In  Upper  Egypt  the  winter  mean  is 
about  10°  F.  higher.  Summer  temperatures  as  high  as  122°  F.  occur,  but 
the  nights  are  cool.  Rain  is  very  rare  except  near  the  Mediterranean  coast. 
The  climate  in  antiquity  was  not  very  different  from  that  of  the  present 
day,  though  there  seems  to  have  lieen  more  moisture  in  the  desert. 

Race.  The  })opuIation  of  Egypt,  since  prehistoric  times,  has  belonged 
to  the  medium-sized,  long-headed  subdivision  of  the  white  race  which  is 
known  as  Mediterranean.  Most  of  the  ancient  Egyptians  were  brunets, 
with  wavy,  dark  brown  or  black  hair,  but  the  daughter  of  Cheops,  shown 
in  a  tomb  painting,  has  a  white  skin  and  reddish-blond  hair,  and  the 
Libyans,  who  lived  west  of  the  Delta,  are  shown  as  blonds  in  many  later 
paintings. 

Livelihood.*  Agriculture  has  always  been  Egypt’s  mainstay  of  life. 
Wheat  and  barley  were  the  principal  crops  in  antiquity.  In  addition  there 
were  many  vegetables,  dates,  vines,  flax  and  radishes.  The  Egyptians  also 
ate  fish  and  meat.  Oxen,  sheep,  goats,  pigs,  geese  and  donkeys  were  the 
ehief  domestic  animals.  The  camel  was  known  on  the  borders  of  Egypt  in 
Dynastic  times,  but  did  not  become  the  main  reliance  for  heavy  transport 
until  much  later,  at  the  jieriod  of  the  Arab  invasion.  Horses  seem  to  have 
been  brought  in  by  the  Hyksos.  Cotton  was  cultivated  in  India  at  the 
time  of  Herodotus,  but  did  not  appear  in  Egypt  until  modern  times.  The 
great  textile  of  Egyptian  antiquity  was  linen. 

The  stajile  grain  crops  depended  on  irrigation.  This  had  probably  de- 
veloiied  slowly,  from  local  origins,  in  the  Predynastic  period.  The  kings  of 
the  I  F)yna<y  worked  on  a  larger  scale,  building  a  great  svstem  of  dikes 
along  the  ^ile,  and  lesser  dikes  which  divided  the  countrv  into  large 
bas.ns  a  ew  miles  aco.ss.  The  land  could  be  flooded  as  requ'ired  for  any 
ciop.  Water  was  allowed  to  stand,  to  dejmsit  the  finest  mud,  and  then 
dranied  off  ''ashing  away  any  salt  that  had  risen  from  strata  below 
nndiained  land  finally  becomes  useless  through  the  formation  of  a  salt 
Cl  list,  hlanagemenl  depended  on  exact  knowledge  of  the  height  of  the 
nver,  recorded  yearly  at  several  Nilometers,  and  on  the  control  o  a  aree 

"■as  from  5  eulnts  to  18,  the  dibit  being  about  1  7  feet  H  f 
with  the  opening  of  all  canals,  was  Angiist  ‘>‘1  The  nind  fl 
early  m  November,  the  harvest  "atherfd  hte  ivr  flats  "ere  sown 
This  interval  was  the  growing  Td' so  ,  „  "  f 

nio.!  Tn,  !f  y  "ork.  After  the 


1  .•  ueepeiimg  the  c;nvd<  qu 

Ike  trndX";": -,,t  to  regulate 
peasantry  were  siininioiied  for  combiiK;i  labo;  on  pnbicT:.:  erts"’’"'' 

le  inalenal  tins  seCioii  is  taken  Iroin  PeWe,  Social  Lite  in.Aiicient.Egypt. 
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Organization.  The  jieasaiits  lived  in  villages,  from  which  they  went 
out  daily  to  their  tasks.  INIost  were  tenants  of  some  great  man  or  temple, 
and  some  at  least  seem  to  have  been  serfs,  attached  to  the  soil.  The  details 
of  land  tenure  changed  somewhat  with  time.  The  landlord  or  squire  might 
own  or  control  a  hundred  to  a  thousand  acres;  his  house  was  a  social 
center,  and  he  discharged  minor  governmental  functions.  Above  him  in  the 
hierarchy  stood  the  nomarch,  or  governor,  of  the  nome  or  province;  he  in 
turn  was  resjionsible  to  the  vizier  and  the  Pharaoh.  l^j)per  Egypt  was 
divided  into  twenty-two  nomes.  Lower  Egypt,  roughly  eipiivalent  to  the 
Delta,  into  twenty.  The  nomes  seem,  originally,  to  have  been  the  small 
city  states,  which  were  conquered  and  incoiqiorated  into  larger  political 
units,  the  kingdoms  of  Upper  Egypt  and  Lower  Egypt,  by  late  Predynastic 
statesmen;  these  two  kingdoms,  in  turn,  were  brought  under  a  single 
monarch  by  INIenes,  the  founder  of  the  I  Dynasty,  about  3^200  ii.c.  From 
that  time  on,  Egypt  had  a  highly  centralized  government  whenever  strong 
dynasties  occupied  the  throne.  If  the  dynasty  was  weak  the  rulers  of  the 
nomes  tended  to  become  recalcitrant  feudal  lords,  or  even  indej)endent 
sovereigns.  This  would  throw  the  great  national  irrigation  system  into 
disorder,  and  economic  and  political  chaos  would  ensue  until  some  strong 
feudal  lord  brought  the  whole  country  again  under  one  sway. 

Religion.  Egyptian  life  was  dominated  by  a  state  religion  with  an 
elaborate  pantheon,  too  complex  to  describe  here.  The  concepts  of  rewards 
and  punishments  after  death,  and  of  a  judgment  of  the  soul,  were  de¬ 
veloped  in  ^liddle  Kingdom  times.  The  belief  in  immortality,  or  at  least  in 
a  life  beyond  the  grave,  came  earlier,  and  was  connected  with  the  preserva¬ 
tion  of  the  bodily  remains  of  the  deceased.  To  this  we  owe  the  elaborate 
tombs,  which  have  preserved  for  us,  in  their  decorations,  many  of  the 
details  of  Egyptian  daily  life. 

Clothing.  Linen  was  the  jwinciiial  textile.  Wool  was  available,  but 
little  used,  and  cotton  and  silk  did  not  appear  until  Roman  tunes,  when 
they  became  known  as  imported  materials.  Leather  sometimes  ser\ed  for 
clothing  in  Predynastic  times,  but  there  is  little  evidence  for  its  later  use, 

except  in  sandals. 

A  well-to-do  man,  in  the  Old  Kingdom,  wore  a  white  linen  kilt,  held 
above  the  hips  by  a  belt  and  reaching  to  the  knee  or  the  calf.  Later  the 
kilt  grew  longer,  and  an  underskirt  was  added  in  Middle  Kingdom  times. 
In  the  New  Empire  a  short  shirt,  with  or  without  .sleeves,  came  into 
fashion;  earlier  the  body  had  been  bare  from  the  waist  up,  the  chest 
adorned  with  a  broad  collar,  .sometimes  inlaid  with  precious  .stones,  the 
head  was  shaven,  and  covered  with  a  wig  on  all  state  occasions.  Ihe  teet 
were  lisnally  liare,  l.iit  san.lals  of  leather  or  papyrus  eaiT.otl  by  a 
could  be  pul  on  when  needed.  Poorer  men  wore  a  short  simple  k'H.  g 
erallv  of  linen  but  sometimes  of  matting,  which  was  often  taken  ot  toi 
hard  or  dirty  work;  sometimes  a  simple  girdle  with  a  fringe  was  sii  is  i- 

^"in  the  Old  and  Middle  Kingdom,  women  of  all  cla,sses  wore  a  thin,  close- 
fitting  linen  dress,  extending  from  below  the  brc,a.sts  to  the  ankles,  1>*> 
by  two  braces  that  passed  over  the  shoulders  like  auspenders  It  was 
uLally  plain,  except  for  a  little  embroidery  at  the  top,  and  was  cut  y 
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narrow.  Well-to-do  ladies  wore  also  a  wig,  a  collar  and  necklace,  and  brace¬ 
lets.  For  hard  or  very  active  work  women  of  the  lower  classes  either  wore 
a  short  skirt  to  the  knees  or  stripped  entirely.  Serving-maids  at  banquets 
under  the  Empire  are  shown  wearing  only  a  broad  decorated  belt.  At  the 
time  of  the  New  Empire,  a  lady’s  dress  covered  the  left  shoulder  but  not 
the  right,  and  was  covered  by  a  cloak  pinned  on  the  breast.  Both  garments 
were  entirely  transparent. 

There  is  some  evidence  that  the  Egyptians  shaved  the  head  and  the 
whole  body,  yet  their  medical  prescriptions  included  hair  restorers.  Appar¬ 
ently  as  a  rule  the  body  and  beard  were  shaved,  and  the  hair  worn  very 
short,  with  a  large  wig  for  state  occasions,  and  in  addition  a  false  beard  for 
solemn  ones.  The  Egyptians  were  extremely  clean  in  their  persons,  given 
to  constant  bathing  and  laundering  of  clothing.  They  used  oil  on  the  skin, 
and  malachite  and  galena  for  eyepaint,  besides  rouge  and  other  cosmetics, 
and  perfumes. 

Houses.  The  monuments  which  have  survived  from  antiquity  are  those 
made  of  stone,  chiefly  temples  and  tombs.  Dwellings,  even  palaces,  seem 
to  have  been  made  of  mud  brick,  and  they  have  left  few  remains.  Though 
the  eustomary  style  of  construction  is  known,  from  pictures  and  models 
found  in  tombs,  details  are  somewhat  hazy. 

The  peasants  seem  to  have  lived  in  reed  huts,  plastered  with  Nile  mud. 
perhaps  forming  simply  a  shelter  open  at  one  side,  or  a  single  room  plus  a 
porch.  Flat  roofs  were  formed  of  poles,  reeds  and  mud.  The  whole  hut 
might  be  enclosed  by  a  wall,  forming  a  court.  A  workmen’s  town,  built  to 
house  laborers  on  public  projects,  had  straight  parallel  streets  10  to  15 
eet  wide,  with  gutters  down  the  middle,  and  houses  about  30  feet  broad 
on  each  side.  Each  house  had  a  central  court,  with  a  living  room  on  one 
side  and  two  storerooms  on  the  other.  Larger  houses  of  the  same  type 
might  have  more  rooms,  and  often  included  conical  brick  granaries  filled 
emptied  from  below.  There  was  an  outside  stairwav  to  the 
root.  All  the  doors  were  arched,  and  the  larger  rooms  were  covered  with 
barrel  vaults  of  br,ck;  the  smaller  ones,  however,  had  roofs  of  poles  and 

thfpNot  typ^ 

The  houses  of  the  well-to-do  were  much  larger,  often  two  stories  hie-h 

including  separate  q.m^s  e  Se;  ■ 

apartments  kitchens  and  a  i,  ,  T  ’  .*  business,  private 

were  sometimes  gaily  colored  and  decorated'*Thrro"orwas  flat^a^^^ 

:rp„Tof  w.::e:‘?nd:'uT  ^h 

Siires.  stables,  oiitbiiildii’igs  servant?  '"aO-V  enclo- 

Interior  fiiniishiugs  were  exeeeditlv  f 
and  tables  that  have  come  down  to  f  'T  and  bedsteads,  chairs 

design  and  craftsmanship.  One  receives  the  hi  "  "'T  '’'“"‘^''Pieces  of 
very  little.  Apparentl  v  a  middle  class  of  nor  that  the  poor  had 

inansions  nor  hovels,‘grew  up  g-rmlmdlv  1  were  neither 

Eating  and  Drinking.  Thf  w^l l  o  t 

8.  the  ^^cll-to-do  Egyptian  lived  well  and  lux- 
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iiiioiislv,  with  iiiiiplc  service  iiiid  j>’()o<l  tood  and  drink,  Hread,  j^oose,  beef 
and  beer  were  the  mainstays  ol  diet.  Lists  of  offerinj>;s  in  tonilis  speak  of 
sixteen  kinds  ot  bread  and  cake,  six  kinds  of  wine,  four  kinds  of  beer, 
eleven  kinds  of  fruit,  and  nninerons  other  thinf^s.  Baiupiets,  which  both 
sexes  attended,  were  frequent.  Apparently  they  often  drank  too  much,  for 
a  tomb  jiainting  of  a  feast  shows  a  lady  vomiting,  and  there  are  casual 
references  to  drunken  guests  in  the  literature.  Fish  and  goose  were  usually 
roasted  tm  a  spit,  (iame  still  existed  on  some  of  the  uplands  near  the  Nile 
\hdley,  which  are  now  sheer  desert,  and  waterfowl  were  netted  or  knocked 
down  with  a  throwing-stick  in  the  marshes. 

Daily  Life.  The  writer  has  not  come  across  details  of  the  daily  routine 
of  work,  food  and  rest.  Many  references  show  that  the  Egyptians  were 
fond  of  country  life,  and  of  the  pleasures  of  .society.  It  is  clear,  from  the 
moiiiiments  they  have  left  behind,  that  peojile  of  all  classes  in  Ancient 
Egypt  did  an  enormous  amount  of  work,  and  we  know  that  much  of  the 
heaviest  labor  in  pyramid  construction  was  done  in  the  summer,  when 
the  inundation  prevented  jiea.sants  from  working  in  the  fields,  and  made 
it  possible  to  float  great  stone  blocks  from  the  quarries  on  one  side  of  the 
Nile  Valley  to  the  base  of  the  ramj)  that  led  up  to  the  ])yramid  on  the 
other.  Biographies  of  nobles,  inscribed  in  their  tombs,  record  arduous 
lives  spent  in  administrative  office,  interrupted  by  campaigns  in  Nubia 
or  against  the  Syrians,  and  by  long  expeditions  by  land  or  sea  to  .secure 
foreign  i)roducts  for  the  Pharaoh. 

Comment.  The  study  of  ancient  Egypt  disi)rove.s  several  poi)ular  be¬ 
liefs.  First,  it  shows  that  the  white  race  can  sustain  itself  in  a  hot  climate 
for  an  indefinite  period,  and  can  create  a  great  civilization  there;  nor  can 
one  escape  this  conclusion  by  pointing  to  the  cool  plca.sant  winters  of  the 
Delta,  for  the  great  families  which  founded  the  Middle  Kingdom,  and 
the  feudal  nobles  who  drove  out  the  Ilyksos,  were  The])ans,  whose  home 
was  in  latitude  25°  50'.  One  is  tempted  to  suggest  that  the  scanty  dress  of 
the  ancient  Egvptians  made  their  climate  no  more  burden.some  to  them 
than  a  New  England  summer  is  to  us,  but  this  subject  is  best  reserved  for 
later  disemssion.  Second,  the  study  of  ancient  Egypt  .shows  that  the  free 
use  of  alcohol  in  hot  climates  is  not  necessarily  destructive.  Apparently  all 
classes  consumed  a  great  deal  of  beer,  and  the  rich  were  often  drunk  at 
their  lianquets,  yet  their  record  of  work  accomplished  is  unsurpassed  in 
history.  Third,  it  undermines  the  lielief  that  marriages  between  close  blood 
relations  necessarilv  have  bad  biological  effects,  for  it  was  customary  toi 
the  Egyptian  kings  to  marry  their  own  sisters,  and  they  were  often  copied 
subjects;  yet  uuwl.ere  ,1,.  n.yal  tannl.es  cbsplay  more  sus- 
taiueil  ability  and  cners.v,  generation  after  generation,  ban  in 

Tlic  bad  feature  of  Egyptian  organization  seems  to  liaye  been  the  t. 
Hint  everylliing  depended  on  the  ruler.  lie  was  more  t  niii  seinidiMiie 
and  there  was  no  simple  way  to  get  rid  of  an  ineompetent  'V'"'".'* 
failed  to  produce  able  kings,  the  whole  country  might  sink  "  " 
before  a  new  and  more  eonipetent  line  conld  be  » 
surveys  the  history  of  ancient  Egypt,  extending  over  .Itltltl 
„„  pm-iods  of  one,  two  or  even  three  centuries, 
ably  managed  ami  the  syste.n  work.sl  as  it  was  snppo.srd  to.  \M..it 

civilization  has  done  better. 
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The  Sumerians 

Aresopotamia,  the  land  between  the  Tigris  and  the  Euphrates,  is  an 
ujjland  country  from  the  modern  Turkish  border  to  a  line  a  little  north 
of  Baghdad.  Here  alluvial  plain  begins,  which  continues  to  the  head  of  the 
Persian  gulf.  In  ancient  times  Assyria  occupied  the  upland  and  Babylonia 
the  plain.  Babylonia,  in  turn,  was  divided  into  two  portions:  Akkad,  in 
the  north,  down  to  about  32°  30'  north  latitude;  and  Sumer  in  the  south, 
from  that  latitude  to  the  Gulf.  The  Akkadians  were  men  of  Semitic 
speech,  while  the  Sumerians,  whose  origin  is  uncertain,  spoke  an  agglutina¬ 
tive  language.  Other  populations,  which  spoke  a  variety  of  languages, 
occupied  the  surrounding  regions.  All  belonged  to  the  white  race. 

As  far  as  is  known  at  present,  the  Sumerians  were  the  originators  of  the 
great  civilization  which  arose  in  this  j)art  of  the  world,  and  which  was 
carried  forward  by  later  Babylonians  and  Assyrians.  We  are  not  concerned 
with  these  latter  peoples,  for  they  lived  further  north,  in  at  least  semitem- 
perate  climates.  Our  interest  is  in  the  growth  of  civilization  near  the  head 
of  the  Persian  Gulf,  in  a  region  whose  modern  climate  is  considered  par¬ 
ticularly  trying. 

Climate.  The  ancient  climate  was  i)robably  very  much  like  the  modern, 
eonsisting  of  a  mild  winter,  with  6  or  7  inches  of  rainfall,  followed  by  an’ 
intensely  hot  summer.  Averages  and  extremes  for  Baghdad  and  Basra 
are  as  follows: 


Place 

Pength  of 
Record  in 
Years 

Mean  Temperature,  °  F. 

Extreme  Temi)erature,  °  E. 

January 

April 

July 

Octot)er 

Years 

Max. 

Min. 

Baghdad 

Basra 

'il 

18 

48.(5 

51  8 

70  4 

74  4 

!)4.4 

.  9 

77.0 

78.0 

34 

^20 

1*28 

1'2’2 

1!) 

24 

properly  canaiiLd  a, u  Lta  e'  thHa"!^  “7 

the  basis  of  Sumerian,  an<l  h  ter  o  Bal  vlo^  '  immensely  fertile.  This  was 
rich  mud,  its  people  an  some  Pf^-^Penty,  for  besides  its 

sources.  The  alhiviun;  covZl  cwt  -- 

be  brought  from  a  distance  Re(>d  •  ‘  and  metal  had  to 

other  woods  were  im})orted.  *^"t  most 

opcTl  an  agrieukmtu^^^^^^  the  Sumerians  devel- 

Ihe  ruler  of  each  city  was  reo-arded  in  ?  '  states. 

sentative  and  agent  of  the  cldef  local  deity  aiu]"'^  ! 

tieitj,  and  administration,  banking, 
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trade  and  religion  eentered  in  tlie  temple.  Tvater  the  rulers  became  kings  in 
name  as  well  as  in  fact,  trade  and  banking  fell  largely  into  i)rivate  hands, 
and  the  power  of  the  temples  diminished;  l)nt  this  was  after  the  early 
critical  period,  when  men  were  discovering,  nnder  the  aegis  of  their  local 
deities,  the  enormous  jmssibilities  inherent  in  large  scale  organized  effort. 

The  cities  often  waged  destructive  wars  with  each  other,  and  there  were 
various  ephemeral  empires.  The  chief  growth  of  this  cnltnre  must  have 
taken  j)lace  in  the  fourth  millenninm  n.c.  By  the  third,  it  had  reached  its 
apogee.  liy  the  beginning  of  the  second,  the  city  states  had  exhausted 
themselves  in  conflicts  with  each  other,  and  power  passed  northward  to 
Ifabvlonia. 


The  material  remains  of  the  Sumerian  period  give  evidence  of  a  complex 
and  highly  developed  civilization.  There  were  large  cities,  built  of  mud 
brick,  with  vast  temples,  and  temide  i)yramids  called  ziggurats.  The  Royal 
Tombs  at  Ur,  which  are  earlier  than  ^2800  n.c.,  have  yielded  magnificent 
jewelry,  in  gold,  silver,  lapis-lazuli  and  carnelian,  coj)per  weapons  and 
helmets,  remains  of  chariots  drawn  by  asses,  and  four-wheeled  wagons 
drawm  by  oxen.  Many  attendants  had  been  buried  wuth  the  sovereigns. 
Pottery,  metal  work  and  mosaic  were  of  a  high  order.  The  true  arch  w’as 
in  use.  A  little  later,  masses  of  documents,  written  on  clay  tablets,  testih 
to  an  elaborate  legal,  contractual  and  administrative  system 

Habitations.Aliddle  class  town  houses  of  the  end  of  the  third  millennium 
have  been  clescribwl  by  Woolley.  They  were  two  stories  high  built  aroum 
a  paved  central  court,  of  burnt  brick  below  and  mild  brick  above,  finished 
with  plaster  and  whitewash.  On  the  ground  floor  were  a  lobb.y,  xvdh  a 
drain  in  its  Hoor,  a  brick  staircase  with  a  lavatory  and  dram  it,  a 

kitchen  a  reception  room,  another  room  that  might  lie  niteinled  fo 
s  ea  and  a  domestic  chapel.  The  upstairs  rooms  apparentl.v  opeiua 
omo  a  gallerv  that  ran  aronml  the  courtyard,  and  was  reached  ,y  t he 
stairwa.?.  The  roof  was  flat  or  nearly  so,  proliably  made  of  nmd  icsting 

matting  and  ])alm  trunks.  ‘structures 

Temples  and  other  public  buildings  w^re  extren  ‘  »  „ntl-itions 

near  o..  daily^fe  in 

Babylonia  and  .Vssyria.  Ills  jiiiblicatioii  is  t  °  ^ 

The  ordinarv  man  lived  clue  ly  on  S™"'- are  still 

products.  I’orridge,  barley  III eac  m  .  .  a, (...t  flour  dates,  sour  milk 

eaten  in  the  Near  Hast  toda.v  cakes  dishes, 

with  date  syrup,  and  broiled,  boiki  oi  s.  occasional  luxury. 

Meat  probably  entered  the  poor  inaii  s  diet  on  as  an 

hilt  poultry,  beet,  mutton,  goats  y  •  >’"  .'  ample,  bill  somewhat 

the  Hch.  One  gets  the  impression  that  ' 

lacking  in  variety  and  m  ‘''“"'"‘'T'  “ ."^gooie'rians  also  made  lieer 
Cool  water  was  the  favorite  dim  , .  '  dinner,  but  one 

and  wine.  Men  would  sit  solemnly  drinking  toasts 
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misses 


. the  gaiety  that  characterized  Egyptian  banquets.  Low  taverns, 

usually  run  by  women,  were  numerous.  Aiiparently  a  fair  amount  of  wine 
and  beer  was  consumed  haliitually  and  there  was  undoubtedly  some 
drunkenness. 

Dress.  In  the  early  Sumerian  period  people  seem  to  have  gone  naked  or 
nearly  so;  at  least  worshipjiers  are  shown  approaching  the  gods  without 
clothing,  and  there  is  a  sculpture  of  a  fisherman  carrying  home  his  catch 
with  only  a  string  around  his  waist.  Later  a  kilt  or  skirt  of  tufted  or  smooth 
material  came  into  use,  but  the  upper  part  of  the  body  was  still  bare.  In 
many  cases  the  kilt  took  the  form  of  an  apron,  split  and  overlapping  in 
front;  and  this  continued  to  be  the  ordinary  costume  of  men  and  women 
alike  for  the  whole  Sumerian  period.  On  formal  occasions,  ladies  of  quality 
wore  a  mantle  which  came  over  the  left  shoulder,  but  left  the  right  arm 
and  shoulder  uncovered;  later  both  shoulders  were  covered;  but  the  statues 
on  which  the  description  is  based  are  so  crude  and  so  badly  preserved 
that  one  cannot  be  certain  of  details.  Early  Sumerian  kings  wore  only  a 
tufted  kilt,  like  their  subjects.  The  Akkaddian  monarchs,  Semites  who 
ruled  Sumeria  for  a  couple  of  centuries  in  the  middle  of  the  third  mil¬ 
lennium,  followed  Sumerian  fashions  at  first,  but  after  a  time  they  are 
shown  with  a  mantle  which  covers  one  shoulder.  This  costume  soon  became 
general  among  men  of  the  upper  classes,  and  remained  in  fashion  even 
alter  rulers  ol  Sumerian  origin  regained  power;  but  slaves  and  servants 
still  wore  only  the  apron  of  the  earlier  period,  and  one  gets  the  impression 
that  this  continued  to  be  the  informal  costume  of  all  classes. 

\yth  the  end  of  the  third  millennium  the  center  of  power  moved  north 
to  the  region  of  Babylon,  near  modern  Baghdad,  and  still  later  to  Assyria. 
The  civilization  as  a  whole  developed  along  the  lines  which  had  been  laid 
c  own  ly  le  Sumerians,  but  there  were  many  changes  of  detail.  The 
c  nnate  was  cooler,  and  people  wore  more  clothing,  usually  a  long  shirt 
with  sleeves  halfway  to  the  elbow,  and  a  belted  coat  over  it.  With  these 
de\elopments  we  need  not  concern  ourselves. 

A  good  deal  of  attention  was  given  to  the  care  of  the  person  The 
feinnerians  were  clean  shaven,  except  perhaps  in  the  earliest^period  but 
the  benutes  were  bearded.  Oils,  unguents,  cosmetics  and  pertbn  es  were 

fte  [eafsT  :  h::;"  before  a  d 

tiomTh^rtinmlu^ricrS  e''or'»ous  contribution  to  civiliza- 

the,v  grappled  successfully  with  the'°probiems'*^  invented  the  city,  and 
invention.  Their  creative  work  in  tonl  i  ,  flowed  from  that 

merce  and  hanking  was  of  the  highest'orde'r’  Th’; 

Mesopotamia  followed  the  lines  which  c:  '  .•  ^^yA^zations  of 

we  ourselves,  through  Greece  and  Romn  h  down,  and 

The  Egyptians.  Lo  produ  e^a  “^0"  "I  ‘hem. 

peoples  reached  the  goal  firs  1  somewf  r  7,‘''^«t,on.  Which  of  tl.ese 

meats  were  to  a  large  extent  TonZ^r  for  their  achieve- 

g  extent  contemporary.  Perha,>s  on  the  whole  tlie 
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])riority  belongs  to  the  Sumerians.  In  any  case,  they  are  the  two  oldest 
and  two  of  tlie  greatest  civilizations  of  which  we  have  knowledge.  As  far 
as  the  problems  considered  in  this  paper  arc  concerned,  their  history  jioints 
the  same  lesson:  that  white  men  can  do  hard  ])hysical  work,  and  creative 
intellectual  work,  iu  hot  countries,  and  thrive  on  it. 

The  adaptation  to  climate,  in  food,  housing  and  dress,  which  accom¬ 
panied  these  achievements,  have  been  examined  in  some  detail.  In  food 
and  housing  we  find  nothing  unusual,  or  very  different  from  modern  jmic- 
tice.  As  to  dress,  we  have  to  note  that  these  ancient  peoples  wore  very 
little.  They  were  usually  bare  above  the  waist,  and  seem  to  have  stripped 
entirely  when  the  occasion  called  for  it.  There  is  no  proof  that  this  is 
causally  connected  with  the  capacity  for  sustained  hard  work,  which  they 
displayed;  but  in  view  of  the  known  effect  of  clothing  in  increasing  heat 
load,  the  theory  is  tempting. 

It  is  jiroper  to  ask  whether  the  ancient  climate  of  these  regions  was  m 
fact  like  that  of  modern  times.  There  is  no  evidence  for  any  marked 
change.  Mesopotamia  remained  populous  and  rich,  the  seat  of  great 
emjiires,  till  1258  a.d.,  when  the  Alongols  under  Ilulagu  sacked  Baghdad 
and  systematically  destroyed  the  irrigation  works  on  which  the  prosperity 
of  the  country  depended.  It  has  never  fully  recovered. 

The  Islamic  Civilization 

Islam  has  spread  over  the  whole  Near  East,  and  our  impressions  of  the 
present  customs  of  that  area  are  based  on  Islamic  usage  It  ,s  well  to 
rememher  that  Islam  originated  in  Arabia  among  people  who  In  ed  at  a 
moderate  altitude,  where  nights  were  often  cold,  and  received  its  greatest 
ilcvelopment  in  countries  of  more  or  less  temperate  climate:  bpam  the 

::^tf hi'r  :prr  Sue 

oi  cLtom  established  elsewhere  carries  over,  and  one  does  not  find 
extensive  local  adaptations  ll, inner  and  simiiler  clothing,  as  one 

Heel,  or  move  to  the  dale  groves  gown  and 

turban,  at  least  when  thej  n.],o  crossed  the  terrible 

a  veil  like  aviators  goggles.  '‘'i  ,  T,-i,„ji  nnrehing  north  from  the 

, Insert  in  southern  Arabia  ea  e<  Unb  " ‘l  ^  Inde  51  degrees 

Arabian  Sea  to  the  Persian  V''’’’  T"  ? hs  wlm^  only  a  long 

loincloth;  most  arc  from  the  son  ici  n  ■ '  ‘  j  ^5  jiombasa, 

Felix.  In  U,.pcr  EgypE  a-  •>>«  f  .  'Vi  on^'-'t  »  skullcap;  I 

men  often  a,>pcar  in  the  city  Vear  when  working. 

l,nve  no  exact  mformalion  “  “  "''j  is  more  iini-ortant.  In  the 

These  are  concessions  to  climate,  but  iueslig 

•  Verbal  comrounicalion  from  Professor  Carlelon  .  .  ooii,  now 
sylvania. 
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Sudan,  where  Islam  is  spreading,  I  have  seen  clothed  Negro  Moslems  living 
side  by  side  in  the  same  village  with  naked  fellow  tribesmen  who  are  still 
pagans.  Throughout,  costume  is  a  matter  of  wealth,  status  and  fashion 
rather  than  comfort.  We  ourselves  do  not  behave  otherwise.  This  is  the 
reason  for  basing  our  study  of  thermal  adaptations  on  indigenous  civiliza¬ 
tions,  where  fashion  and  comfort  are  in  some  measure  reconciled,  rather 
than  on  intrusive  cultures  from  alien  climates. 

The  eostume  of  the  nomads,  among  Islamic  peoples,  is  often  misinter¬ 
preted.  People  see  a  jiicture  of  an  Arab  in  flowing  robes  seated  on  a  camel. 
They  assume,  first,  that  he  is  in  a  hot  climate,  and,  second,  that  he  wears 
the  robes  to  keep  cool.  This  leads  to  such  strange  conclusions  about  cloth¬ 
ing  suitable  for  hot  weather  that  it  will  be  useful  to  evaluate  the  evidence 
for  the  premises,  by  examining  a  typical  desert  nomad  people. 


1  he  nu  ala  Bedouins 


The  Rwala  Bedouins*  range  over  the  Syrian  and  Arabian  Deserts,  east 
of  Damaseus  and  the  Ilejaz  Railway,  at  least  from  28  to  34  degrees  north 
latitude.  They  are  the  largest  and  most  powerful  of  the  nomad  tribes  of 
this  region. 

Country  and  Climate.  Much  of  the  Syrian  Desert  lies  more  than  2000 
feet  above  sea  level,  though  parts  are  lower,  in  the  north  and  northeast 
as  one  apiiroaches  the  Euphrates.  IVIost  of  the  land  surface  is  gravel  ami 
stony  brown  dirt,  with  an  area  of  lava-covered  desert  in  the  west  There 
IS  sand  111  the  south,  in  the  Nefud  of  northern  Arabia 

and  grasses  spriTig  up  which  are  good  camel  feed.  The  coldest 
vea  her  ,s  m  December  and  January.  Frost  and  snow  occur  everr  ™u- 
le  region  of  Palmyra,  but  snow  rarely  lies  for  more  than  a  d'av  In 
March,  April,  and  May  there  are  many  hot  days,  and  the  grasses  are 
witlmred,  but  rams  at  that  season  fill  natural  rese;voirs.  The  summers  arc 

In  reading  the  tales  of  desert  travelers — and  there  havp 
17,  1900:  aching  I  almyra,  says  under  date  of  May 


bitter  cold;^I  should  "as 

day.  My  hands  and  feet  were  quite  numb  before  tl,  Ijetween  the  night  and  the 

By  yrioeh  it  hrni.i.,,  ^  oVr„t  r,,“;;t,'rt,r.«7: 

oj  ll.e  '''“f  ^  Tlie  Manners  „„d  Customs 

Other  sources  are  used  they  are  indicated.  I>esert,  ^ew  York,  1930.  M’lien 

of  C^ertrudVBdb  and  sj^erPiltV^nVi^dl^'l^  I-tters 

,  me  betters  Certrude  edited  by  bi,d;’C.,7b?tr;'^  Kruest  Be . . 
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Again  on  INIay  20: 

It  had  never  been  really  liot  all  day,  fortunately;  the  sun  set  without  a  cloud  and  it  began 
to  be  very  cold,  ^^e  rotlc  till  .seven  and  then  stopped  for  the  animals  to  eat,  and  for  us  to  eat 
too.  I  put  on  gaiters,  a  second  pair  of  knickerbockers  and  a  covert  coat  under  my  thick  winter 
coat,  rolled  myself  up  in  a  blanket  and  a  cape  and  went  to  sleep,  all  the  men  following  my 
example,  rolled  up  in  their  long  cloaks.  'Phe  cold  and  the  bright  moon  woke  me  at  midnight 
and  I  roused  all  my  people  (with  some  difficulty!)  and  at  one  we  were  off.* 

In  November,  soutliwcst  of  Palmyra,  Mu.sil  recorded  a  daytime  tem¬ 
perature  of  21°  b.  Doughty  visited  Aledain  Salih,  a  town  in  latitude 
28  80  north,  longitude  39  degrees  east,  a  little  south  of  the  Rwala  coun¬ 
try.  Its  altitude  is  2900  feet.  He  says  of  the  February  season: 

Long  now  and  chill  at  this  altitude  were  the  winter  nights;  the  gate  Arabs  those  two 
months  could  not  sleep  past  midnight,  but  lay  writhing,  with  only  their  poor  mantles  wrapped 
about  them,  in  the  cold  sand  and  groaning  for  the  morning.  Hut  especially  their  women 
suffer  in  the  ragged  tents;  some  of  them,  bare  of  all  world’s  goods,  have  not  more  than  a 
cotton  smock  upon  their  bodies;  for  where  might  they  find  silver  to  buy  any  mantle  to  cover 
them.®  Snow  falls  not  in  the  plain,  but  some  years  it  whitens  the  Ilarra,  above  3000  feet  high.t 


(Quotations  in  which  travelers  complain  of  cold  in  the  desert  could  easily 
be  multijdicd.  It  can  also  be  hot  there,  but  one  reads  much  less  about  it. 
In  lf)14  Gertrude  Hell  was  marching  from  Feluja,  on  the  Euphrates,  to 
Damascus.  Leaving  Dulaim  in  April,  she  says:  “We  were  off  before  dawn 
and  struck  southwest  into  the  desert  to  the  ])itch  springs  of  Abu  Jir.  ^\e 
arrived  in  a  dust  storm,  the  temperature  was  91°  and  it  was  perfectly 
disgusting.  The  following  day  was  better,  as  hot  as  ever,  but  no  dust 
storms.  We  rode  on  west  into  the  desert.” 

The  general  drift  of  these  (piotations  is,  that  men  suffer  in  the  desert 
more  often  and  more  severely  from  cold  than  from  heat.  The  reason,  of 
course,  is  altitude.  One  must  make  allowances,  also,  for  the  fact  that 
European  travelers  have  avoided  the  summer  months  for  travel  in  these 
regions,  but  the  natives  do  likewise.  The  writer  has  flown  across  the  deseit 
at  the  beginning  of  July,  spending  the  night  at  Kutbah  Wells,  approxi¬ 
mately  in  latitude  33°  north  and  longitude  41°  20'  east.  It  was  hot  there, 
but  by  no  means  unbearable;  to  an  American  it  was  an  ordinary  summei 
temperature,  nothing  like  the  fiery  furnace  that  was  Baghdad.  Gaza  in 
Palestine  was  ])ositively  ])leasant.  We  must  bear  this  climatic  pictuie  in 
mind,  in  considering  the  dress  and  habitations  of  the  nomads. 

Way  of  Life.  The  Rwala  are  camel  breeders  who  live  in  the  inner  desert 
for  ten  months  of  the  year,  moving  their  tents  as  may  be  necessary  foi 
pasturage  and  water.  At  the  end  of  June  they  come  to  the  edge  of  the 
desert  and  stay  until  the  end  of  August,  laying  in  supidies  of  gram,  clothing 
and  weajmns.  They  sell  their  camels  for  ca.sh,  either  in  the  settlements,  or 
more  often  in  the  de.sert,  to  the  agents  of  wholesale  merchants  who  visit 
them,  and  who  exjiort  the  beasts  to  ^Mesopotamia,  Syria  or  Eg.^pt. 

W’llile  camel  breeding  is  the  Rwala’s  chief  occupation,  they  are  con¬ 
stantly  raiding  other  Bedouins,  for  excitement  a.s  much  as  tor  booty,  am 
being  raided  by  them.  This  situation  is  reflected  in  their  daily  routine  am 

t  llouglUy,  C'.  M.:  'IVavels  in  Arabia  Deserta.  New  York,  Haadoin  House,  1937. 
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their  social  organization.  Eveyone  has  firearms.  In  shifting  camp,  chiefs 
and  warriors  march  in  front  on  riding  camels,  women  and  children  follow 
with  the  baggage  camels,  and  mares  are  led  ready  saddled  for  the  warriors 
to  use  if  an  enemy  is  sighted.  Scouts  ride  ahead  to  select  the  camp  site. 
Camels  at  pasture  are  guarded.  Camps  and  herds  are  often  attacked  and 
vigorously  defended.  Nor  do  the  Bedouin  confine  these  attentions  to  each 
other.  They  are  convinced  that  the  peasants  at  the  edge  of  the  desert 
ought  to  provide  them  with  food,  and  take  it  when  necessary.  iNIerchants 
and  travelers  are  robbed  unless  they  have  claimed  the  jirotection  of  some 
powerful  chieftain  and  are  accomjianied  by  his  representative. 

A  man  s  allies  are  his  kindred,  blood  relations  traced  in  the  male  line. 
There  is  a  good  deal  of  social  stratification,  both  within  the  tribe  and 
between  related  tribes,  some  families  and  some  tribes  being  more  eminent 
than  others.  The  chieftainship  is  hereditary  in  one  particular  house,  but 
goes  to  the  ablest  member.  Some  have  reached  that  eminence  by  murder¬ 
ing  their  predecessors,  who  were  of  course  close  relatives.  The  chief’s  bur¬ 
dens  are  heavy.  He  makes  all  important  decisions,  leads  in  war,  dispenses 
justice,  maintains  discipline,  and  conducts  endless  negotiations.  For  all 
this  he  needs  the  qualities  of  soldier,  administrator  and  diplomat. 

Hospitality  tempers  the  hardships  of  travel.  A  salutation  returned  gives 
protection.  The  wayfarer  has  a  right  to  three  and  one-third  days  of  hos¬ 
pitality,  then  three  and  one-third  days’  protection;  then  his  late  host  mav 
rob  him. 

Homicides  are  not  infrequent,  leading  to  blood  revenge,  though  some¬ 
times  mattei-s  can  be  set  right  by  a  payment  of  camels.  The  whole  situation 
IS  governed  by  elaborate  rules  of  duty  and  honor.  Marriage  is  controlled 
by  Islamic  law,  but  the  girls  go  unveiled,  and  work  ha'd,  with  man v 

pportumties  to  meet  men  m  camp  and  on  the  march,  so  love  matches  in 
the  western  sense  are  frequent.  * 

Habitations.  The  tents  of  the  Bedouins  are  made  of  coarse  black  cloth 
either  goats  hair  or  goats’  hair  mixed  with  cotton  Thp  mat  •  i 
strips  about  28  inches  wide  and  40  to  150  feet  loim-  it  i« 
men,  and  bonght  by  the  nomads  from 

back,  though  LmeU'rnn!chllr»tfT°mfr'V^ 

poles  at  the  edge*  more  noli?  ^  held  up  by 

center  line,  where  the  roof  is  hip-ir'^^^^\  along  the  lengthwise 

of  the  roof.  Beyond  them^he^cttlVAiT  hold  up  the  low  back 

and  there  are  cloth  walls  at  the  ends  also'  gi’onnd, 

by  many  guy  ropes.  One  side  is  reserveVfor  tl  secure 

other  for  men,  the  owner  and  ht  f  n  the  women  of  the  family,  the 

5%  feet  high  divides  these  portions  TlTe'front"'^  ghosts;  a  curtain  about 
.  The  men’s  side  is  furnished  wdh  and  "f"'  ^  """""" 

ions.  A  hole  about  8  inches  deen  ne-fi  H  V  ^  7  T  ^'"^ts  and  cush- 
as  a  fireplace,  to  give  warmth  and  to  ma'ke  coffe^^ 
and  camel  dung  are  used  for  fuel  Owner  and  i  f  J'^^^^^^oiisly.  Wood 
entering,  hang  their  rifles  on  the  t^t 

cushions,  often  leanim.  .na.Lr.b  «»^L'’''^hne  on  the  rugs  and 


— iMuub,  orien  leaning  against  camol  in  A,;, 
space  also.  On  the  womens  side  fmnisbh  I’n':..*'.!?.': 


same 


arc  similar,  with  three  stones 
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in  tlic  fireplace  to  fit  it  for  cooking.  Here  the  sacks  of  ])rovisions  are  stored 
wlieat,  l)arley,  dates,  rice,  cofiee,  salt,  sugar  and  other  staples — and 
there  are  large  dishes,  spoons,  copper  kellies  and  cooking  [)ots,  leather 
hags  for  water  and  others  for  churning  caniel's  milk. 

Food.  1  here  is  a  light  lunch  before  noon  but  the  main  meal  is  eaten  in 
the  evening.  A  man  will  eat  in  the  women’s  part  of  the  tent  if  he  is  alone, 
but  in  the  men  s  if  he  has  guests.  The  food  is  prepared  by  the  women,  and 
served  on  a  large  tray.  jMen  kneel  around  it,  say  grace,  and  eat  with  the 
fingers  of  the  right  hand,  which  has  been  rinsed  beforehand.  First  fed  are 
the  most  honorable  of  the  company;  then  lesser  folk,  with  a  second  and 
perhaps  a  third  filling  of  the  platter.  The  host’s  wife  may  join  the  group, 
when  the  meal  is  over,  if  she  knows  those  who  are  present. 

The  Bedouin  is  fortunate  who  eats  his  fill  once  a  week.  Much  of  the 
diet  is  camel’s  milk,  drunk  fresh,  eaten  sour  as  clabber,  or  made  into 
cheese.  Wheat  is  bought  as  whole  ^rain,  a  camel’s  load  of  330  lbs.  for  each 
person  on  leaving  the  settlements.  It  is  ])ounded  in  a  wooden  mortar  or 
ground  in  a  ])ortable  mill,  as  recpiired.  It  is  eaten  as  porridge,  more  rarely 
as  bread,  baked  in  thin  fia])s  on  a  convex  iron  or  in  thicker  loaves,  un¬ 
leavened,  in  the  ashes.  White  .sorghum  is  a  cheaper  sub.stitute.  Parched 
locusts,  dates,  rice,  l)uttcr  and  game  com])lete  the  diet.  Camel’s  meat  is 
well  liked,  but  a  luxury.  These  are  the  foods  of  the  desert;  sheep,  goat  and 
other  foods  are  eaten  where  they  are  available. 

Dress.  Men  wear  a  body  belt  next  the  skin,  of  gazelle  hide,  then  a  long 
white  shirt  which  hangs  to  the  heels,  with  wide  sleeves  ending  in  long 
points  which  can  be  tied  back.  The  shirt  is  open  at  the  chest  but  fastened 
at  the  neck,  and  may  be  embroidered.  Over  it  comes  a  long  white  coat  that 
hangs  to  the  ankles,  open  in  front,  with  wide  sleeves  that  cover  the  hands. 
They  are  worn  turned  back,  and  show  a  dark  red  lining  at  the  cuffs.  Ihis 
garment  has  no  collar,  but  is  edged  with  colored  cord  at  the  neck  and 
breast,  and  has  inside  pockets.  Over  this,  men  wear  a  broad  belt  of  wool  or 
leather.  Over  all  comes  the  cloak,  or  aha,  a  very  large  rectangular  garment, 
again  open  down  the  front,  which  reaches  almost  to  the  ground.  It  is  much 
wider  than  the  wearer's  shoulders,  so  i)art  of  what  we  should  consider  t  le 
top  of  the  garment  covers  the  upper  arm,  and  the  short  broad  sleeves 
come  well  below  the  elbow.  Normally  the  cloak  is  of  wool,  but  m  winter  it 
mav  be  of  sheepskin.  It  should  always  be  worn  outside  one  s  own  tent,  tor 
decency.  As  a  rule  the  feet  are  bare,  or  shod  with  sandals,  but  some  have 
fine  boots  made  of  red  leather.  In  mosque  or  tent,  footgear  is  removed  as 
a  matter  of  civilitv.  A  round  cap  is  worn  on  the  head,  and  over  it  a  heat 
clotli  Tl.is  is  a  piece  of  cloth  nliout  i  feet  square,  fol.lcd  once  diagonall.t . 

b  fonn  a  right  'triangle;  it  is  lai.l  on  the  head  '‘f  "S  e'tTXr 
the  forehead  tlie  cuds  falling  past  the  wearers  checks,  «hde  the  otlie 
cobe:  bangs' down  his  hack.  Outside  the  head  cloth  -e  two  h.ck  ru  gs 
of  handsome  decorative  rope  that  pass  around  the  head  and 


,:;;e^ "bar  a  ver,v  long  dark  blue  shirt  longer  tl.an  the  wea,.r,  tlmt 
fit,  close  to  the  neck  and  has  long  .sleeves.  It  .s  conhucl  .it  he  i.iist  > 
a  wide  cloth  belt,  and  excess  material  is  pulled  up  through  ' 

allowed  to  hang  down  over  it.  Over  this  comes  a  cloak  like  a  man  s, 
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times  worn  over  a  short  jacket.  The  woman’s  head  cloth  is  large,  and  is 
jmt  on  like  a  man’s,  but  the  right  lappet  is  brought  over  to  the  left  lappet 
at  the  level  of  the  left  cheek,  then  over  the  head  again  and  down  the  right 
side.  Over  it,  a  folded  dark  cotton  kerchief  encircles  the  forehead. 

The  women  are  barefoot,  but  are  adorned  with  necklaces,  pendants,  ear 
rings,  finger  rings  and  anklets.  Sometimes  they  wear  a  ring  in  the  right 
nostril.  They  are  fond  of  dyeing  their  hands  and  feet  with  henna,  and  of 
painting  their  eyelids  with  kohl,  an  antimony  powder.  Many  women  are 
tattooed  on  the  lijis,  cheeks,  nose,  forehead,  breast  or  belly,  but  there 
seems  to  be  no  very  extensive  tattooing  on  any  one  individual.  They  wear 
their  hair  in  long  braids,  and  wash  it  in  camel’s  urine,  which  gives  a  fine 
gloss  and  has  the  advantage  of  killing  louse  embryos. 

Men  wear  mustaches  and  beards,  trimmed  at  the  sides  and  along  the 
throat.  The  hair  of  the  sealp  hangs  in  plaits  at  the  front,  and  is  often 
shaved  at  the  rear.  When  one  eatches  a  thief,  one  cuts  off  a  plait  and  lets 
him  go;  at  the  second  catching  one  euts  off  his  beard,  which  is  a  great 
msu  t.  Neither  sex  washes  very  much,  for  water  is  scarce;  instead  the  face 
and  hands  are  rubbed  with  dry  sand.  Many  are  lousy.  Bathing  and  laundrv 
must  wait  for  the  finding  of  a  great  rain  pool. 

Setin'wl!'*’  of  'fanger  and  hardship. 

Settled  folk  say  of  them  that  their  living  is  but  a  long  dying  Its  compensa¬ 
tions  are  in  pride,  self-will  and  freedom.  g-itscompensa 

nrir'’f  ^("'1  ®odoniii,  when  in  good  order,  are  well 

adapted  to  his  environment.  His  tent,  with  a  wide  oiien  front  facing  to 

leeward,  protects  against  wind  and  sun  and  is  suited  to  the  continifous 
leception  of  visitors.  His  long  loose  garments  are  comfortable  for  sitting 

l^^m  bLmIse  0?';  ';:" ^'-p  iii 

are  warm  for  their  we^^  “  "r"  SX,’;:::  ■  A:! 

.0  ProteTagahist^etHtSct!  we^ 

Discussion 

and  timuiS::;:!!  Th:  tri'ir:;::  i''-'''" 

also  that  the  “hot,  diy  chmates'^ 

combine  high  temperature  and  high  solar  radiaTi”*"  "  liicli 

time,  nor  in  most  cases  dry  all  the  time  Mo  t  o,?!’’  *''® 

season,  and  many  cold  nights  and  all  hav  '’“ve  a  definite  cool 

rainfall  ora  river.  Whether  men  c?)nl  I  t  .!  •  ""T  ."f  ■"oistlire, 

moisture,  and  so  without  any  vegetatioi  ’'i?  ''ntirely  without 

can  certainly  retain  all  tlicir-yigo?  in  j?"?  V 

llie  thermal  adaptations  which  peoiile  m  ike  in  tl 
*  Gautier  E -F  leS^i  p  •  ,  ^  eoiiiitries  are 

•lie  saiiani.  Cv”? 
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fairly  simple.  ’Ihere  is  a  tendency  to  use  houses  of  mud  brick  or  masonry, 
first  of  all  because  the  materials  are  available,  second,  perhaps,  because 
they  heat  and  cool  slowly,  which  helj^s  to  eciualizc  day  and  night  tem])era- 
tures.  These  buildings  generally  have  flat  roofs,  which  are  cool  for  sleei)ing 
in  summer.  The  amount  of  clothing  worn  has  varied  greatly,  from  region 
to  region,  and  from  one  historical  period  to  another.  The  use  of  loose 
clothing,  whose  layers  can  be  reduced  or  multii)lied,  has  been  rather 
general.  In  early  times  costume  was  very  scanty.  It  is  hard  to  tell  whether 
its  increase  in  later  periods  was  due  to  the  greater  abundance  of  textiles 
that  accompanied  increasing  wealth,  or  to  the  influence  of  fashion,  as 
contacts  with  peojdes  from  cooler  climates  became  more  frequent.  Com¬ 
mon  folk  have  been  inclined  to  strip  for  hard  work  in  the  heat,  in  spite  of 
high  solar  radiation.  In  the  matter  of  headgear,  one  can  discern  no  general 
tendency.  It  has  varied  as  much  as  the  rest  of  the  costume.  ^Yith  footgear 
the  case  is  somewhat  clearer:  the  great  bulk  of  the  peojde  have  gone 
barefoot  or  have  worn  sandals. 

In  evaluating  the  evidence  which  has  been  i)re.sented,  we  must  remem¬ 
ber  that  dress  re])resents  a  com])romise  between  the  demands  of  the 
cultural  tradition,  j)ractical  utility  and  temj)orary  fashion.  Sometimes  one 
of  these  forces  is  in  the  ascendant,  sometimes  another.  The  Near  East  has 
an  immensely  long  and  complex  history,  involving  a  numbei  of  distinct 
l)Coples.  AVe  should  look  in  vain  for  a  simple  climatic  explanation  of  the 
costumes  to  be  found  there.  Dress  is  more  than  an  adaptation  to  environ¬ 
ment;  it  is  also  the  expression  of  a  particular  way  of  life  and  of  a  particulai 

set  of  institutions. 

nor  WET  COUNTRIES 

Advanced  civilizations  have  tloiirished  in  hot  wet  climates,  both  in  the 
Old  World  and  the  New,  For  the  Old  World  the  creative  center  froin 
which  thev  were  derived,  was  in  India,  though  much  of  India  is  not  strictly 
tropical;  for  the  New  it  was  in  Central  .\incrica,  itself  a  tropical  legion. 
We  shall  examine  an  offshoot  of  the  Hindu  civilization,  and  the  civihza- 

tion  of  the  Ylayas. 

The  Hindu  Civilization 

Hindu  civilization  has  a  long  and  complex  history,  and  a  iiio.st  dis¬ 
tinctive  character.  There  was  an  advanced  culture  m  the  Indus  '  ■ 

in  the  third  millennium  n.c.,  roughly  comparalilc  to  |' 

same  period  in  llahyhmia.  It  is  known  only  from  a  fen 
the  second  millennium  n.c.,  invaders  who  spoke  an 
gliage,  and  who  were  prcsliinalily  white  men  from  westein  ( 
entered  India  from  the  northwest,  and  spread  ovei  t  le  1'  ^ 


w; 
eiicoii 


was,  of  course,  some  iiiLexMicwv...^  svsteiu  based  on  occupa- 

Vedic  invaders  already  had  a  rathei  iig  <  , „ '  ^.j  ’  ^  but  many 

tion,  and  they  responded  to  ''''-'''f  .  [-p^i’Uth  hereditary 

color  lines,  and  the  gi'oops  so  forni  d  1  nea  1  c  - 


occupations.  *1  his  seems 


ns  so  loriiun  mxc.im.v.  -- 

to  he  the  origin  of  the  caste  system.  Once  stalUd, 
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the  system  showed  great  vitality,  and  tliough  it  was  rejected  by  religious 
reformers  like  the  Buddha  (563P-483?  b.c.)  ,  it  is  still  the  most  character¬ 
istic  feature  of  Hindu  civilization. 

Caste  is  intimately  bound  up  with  religion,  and  the  twT)  together  dictate 
dress,  food,  occupation  and  the  details  of  daily  life.  We  should  look  in  vain 
for  rational  adaptations  to  climate  among  a  jieople  dominated  by  these 
ideas,  though  fortuitous  adaptations  to  climate  must  occur,  and  are  prob¬ 
ably  numerous.  Furthermore  the  immense  number  of  castes,  and  the 
sometimes  considerable  variations  in  caste  practice  from  one  part  of  India 

to  the  other,  make  the  problem  of  selecting  representative  material  most 
difficult. 

For  these  reasons,  it  seems  desirable  to  examine  some  offshoot  of  the 
Indian  civilization  which  is  free  from  such  inconveniences.  Tw'o  suggest 
themselves,  the  Cambodian  and  the  Javanese.  Both  have  flourished  in  hot 
wet  countries  both  have  built  vast  sculptured  temples  which  attest  to 
high  skil  111  the  arts  and  great  capacity  for  organized  labor,  and  each  has 
produced  a  fair  number  of  ambitious  and  warlike  princes;  but  the  Cam¬ 
bodian  civilization  has  perished,  whereas  the  Javanese  is  still  extant  It  is 

information  about  the  latter  than 
the  toinier.  Ihis  makes  it  more  suitable  for  our  purpose. 

The  Javanese 

Physical  Conditions.  Java  lies  just  south  of  the  equator  It  is  an 
IS  and  of  approximately  48,500  square  miles,  022  miles  long  from  east  to 
west  and  121  miles  m  extreme  lireadth  from  north  to  soufh  A  t 

volcmioes  extends  from  Sumatra  through  the  whole  length  of  lava 

tremely  uniWm  temperatures Tito7hm, 71*  ex- 

Batavia  varying  from  78.7°  F.  in  January  to'so  ^'^P  ™ean  at 

variations  are  greater  thp  ^  October.  Diurnal 

8^’  r  duiiiig  Ih.  .ariiiMt  hours  of  thif rUyto  Vf  oTu " F 

west  monsoon,  and  the  dry,  from  ApriUo  ^i^  March,  with  the 

M  Batavia  no  montli  is  wholly  drv  the  vearlv”toHl''  monsoon. 

72.13  inches,  36.58  inches  fallimr  eaily  total  i)reci|),tation  averages 

the  end  of  March.  There  arA^t  lo^r;.^  ;"  November  and 

at  the  eastern  end  of  the  island  than  in  thewe'st"*’ 

Bota°nists“Z.“7vfrtirislitlTf7l?7  '7'’  f"™*- 

zone  from  sea  level  to  2000  feet  occupied  liv  T  ^°"es:  a  hot  forest 
the  humidity  is  sufficient  especiallv  In  wherever 

where;  a  zone  of  n.oderate  heT  ^  ^0,  UoZon  7“  '  ^1- 

for  tea,  coffee  and  cinchona  phantatio  s  witf  f  ’ 

nndergrowth;aeoolzonefrom  4500  0  7501  1™' 

Pr.smg  both  mountain  slopes  and  plate^r  with  ''' 
a  European  aspect;  and  an  Alpine  ,one  ‘ 

per  cent  of  the  land  is  under  cultiZ  “n  ■*« 
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Rice  is  the  stajile  food  croj),  l)iit  Java  also  jiroduces  sugar,  coffee, 
cinchona,  tobacco,  tea,  and  indigo.  Domestic  animals  include  the  water 
buffalo,  ordinary  cattle,  horses,  goats,  dogs  and  cats. 

Inhabitants.  Racially,  the  Javanese  belong  to  the  iVTalay-Mongoloid 
(iron]).*  They  are  a  short,  ronndheaded  people  with  straight  black  hair 
and  brown  or  yellowish-brown  skin.  Early  Hindu  immigrants,  in  uncertain 
but  considerable  numbers,  have  been  absorbed  into  this  group.  Arabs 
and  Chinese,  more  recent  arrivals,  have  tended  to  remain  more  distinct 
from  the  native  poixnlation,  though  some  amalgamation  takes  ])lace. 

Population.  According  to  Cole,  Java  had  in  11)45  a  population  of 
45,000,000,  with  an  average  density  of  800  ijersons  per  square  mile,  reach¬ 
ing  1000  in  some  agricultural  districts.  It  is  estimated  that  the  population 
iiAhe  ^Middle  Ages  (Empire  of  iMadjapahit)  was  3,500,000.  In  1717  an 
estimate,  based  on  a  count  of  families,  gave  3,255,400;  by  1738  this  had 
fallen  to'l,500,000  and  by  1777  to  1)72,084.  While  these  figures  are  not  at 
all  reliable,  there  seems  to  be  definite  evidence  of  a  striking  decrease  in 
total  impnlation  during  this  period;  Campbell  attributes  it  to  the  effects 
of  continual  wars,  bad  government  and  extortion.  Erom  1810  on  the  trend 
was  reversed,  thanks  to  wise  governmental  policies;  the  census  m  1820 
gave  5,500,000;  in  1870,  19,000,000,  and  in  1905,  30,000,000,  including 

295,000  Chinese  and  05,000  Europeans.  ,  i  t 

History  A  number  of  colonizing  expeditions  from  India  reached  Java 

in  the  earlv  centuries  of  the  Christian  era.  They  found  the  country  already 
occupied  i)V  simple  agricultural  villagers  of  basic  Malayan  stock  and 
culture;  there  were  perliaps  also  a  few  Negritos,  relate,!  to  the  most  iirmii- 
tive  modern  peoples  of  the  archipelago.  Coming  m  fairly  large  parties, 
under  princelv  leaders,  the  Indian  colonists  had  no  difficulty  in  estahhsh- 
ing  a  iiiliiihei-  of  small  principalities.  Apparently  the  preexis  mg  native 
piMiiilation  became  subject  to  these  states,  and  a  process  of  gradual  liision, 

religious  and  secular,  set  in.  AfLi/iio  Actp<s  these 

Gradually  larger  kingdoms  arose.  mim  llf.btniffi^^ 

bad  maiiv  vicissitiidcs.  Some  were  carefully  and  skillfully  admin  steieii 

n  oread  theirliiHiience  wide  over  the  archipelago.  They  were  subjected 
1„  a  variety  of  religious  ‘[it.^TrtLrrelah^ 

i- Miefs  ami 

customs.  ,  ovr  1  •  irii  nnd  the  Dutch  built  Batavia  in 

The  Portuguese  took  Malacca  in  ' h  is  o™  ofslow,,enctration 

l(il<>  hVoni  then  onwaril  the  ^  ,lo  not  concern  ns 

by  Kurojiean  powers.  1  he  dttails  oi  islands,  llefore  World 

Java  remained  to  the  Dutch  as  i  a  ■  i  ,  conimnnity,  with 

War  II,  each  .Javanese  vil  age  A  villages  were  grouped  into 

miirlTum  lo^Tnm  :f;e:;V‘:i:Ud.nlnis.;ative  functions  in  the  villages, 
and  were  known  as  regents. 

*  Hooton,  E.  A.;  Up  from  the  Ape. 
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Social  Organization.*  Most  Javanese  live  in  agricultural  villages.  The 
village  originally  owned  all  the  land  around  it,  and  was  inhabited  by 
families  descended  from  a  common  ancestor;  the  land  was  parceled  out 
among  the  families  for  use,  in  virtue  of  this  descent.  The  concept  of  private 
•ownership  has  been  superimposed  to  some  extent  on  this  system,  first  by 
the  Hindu  princes,  who  claimed  ownership  of  the  land  for  themselves,  and 
later  by  the  Dutch,  who  sought  with  the  best  intentions  to  introduce  a 
system  of  ownership  by  natives  only,  on  a  hereditary  basis.  Actually  these 
innovations  did  not  make  great  headway,  and  most  of  the  land  is  still 
held  communally  by  villages,  some  fields  being  allotted  to  individual 
families  for  cultivation,  and  others  retained  for  collective  use.  The  con¬ 
struction  and  maintenance  of  the  irrigation  system,  which  is  essential  to 
the  cultivation  of  wet  rice,  the  usual  staple,  is  also  a  village  matter.  The 
village  is  governed,  with  little  interference  from  higher  authority,  by  an 
elected  headman  and  other  officials  who  are  controlled  by  customary  law, 
and  who  are  responsible  to  the  adult  males  of  the  village. 

The  system  seems  to  work  smoothly.  There  is  immense  social  pressure 
on  the  individual  to  do  his  fair  share,  and  to  remain  on  good  terms  with 
his  neighbors.  He  needs  their  help  for  the  heavier  work  on  the  land  that 
he  cultivates,  and  must  give  his  help  to  them  to  secure  it.  He  is  dependent 
on  the  collective  good  will  of  the  village  for  an  allotment  of  land  and  for 
irrigation  water.  If  he  is  remiss  in  his  duties  he  may  be  fined,  or  even 
excluded  from  the  village. 


Family  life  is  governed  by  Mohammedan  law,  but  women  are  neither 
veiled  nor  sequestered.  The  first  marriage  is  arranged  by  the  parents,  and 
IS  the  occasion  for  processions  and  much  festivity.  Polygamy  and  con¬ 
cubinage  are  permitted,  but,  as  everywhere  else,  they  are  luxuries  that  the 
poor  can  rarely  afford.  The  sultans  make  up  for  it,  having  immense  num- 
bers  of  concubines  and  children.  People  marry  very  young.  Divorce  is  easy 
and  frequent.  Children  are  numerous,  and  much  desired.  It  costs  little  to 
niauitain  them,  and  they  do  not  seem  to  suffer  from  the  ii“tabiM^^^^^  o^ 
maiiiage.  Spinsters  and  bachelors  are  a  great  rarity.  Distinctions  in  social 

deal  oTpticalTqimiffy  ’  ^  8-^ 

^  '""g  piece  of  batik  cloth  wrapped  around  the 

thrust  into  the  waistband  at  the  back^\  iackeMs“‘'® 

upper  part  of  the  bodv.  "■<»•«  on  the 


to  feTa  ^hmVta^t“u1;;^‘^ma?L  "t''  ‘“gether 

knees,  or  go  merely  from  the  waist  to  the  •''■'■npits  to  the 

case  a  tight  body  cloth,  ba^lyTve  h,g'’;e  reast:  and®  ^ 

waist,  or  a  tight  jacket  is  worn  above  w  Recasts  and  extending  to  the 

sexes  barefooted.  Small'  children  run  aroiLTi'aked“ 

*  Wl.at  follows  is  taken  from  Fay-Cooper  Cole. 
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1  he  skirts  of  men  and  women  alike  are  often  made  of  batik,  a  cloth 
dyed  in  various  i)ictnres  and  patterns  by  coatiiifr  portions  with  hot  wax, 
so  that  only  nnwaxed  portions  take  the  dye.  These  f^armeiits  are  held  up 
by  a  narrow  waistband. 

In  full  court  dress  men  are  bare  to  the  waist,  and  women  have  the  arms 
and  shoulders  bare,  wearing  skirt  and  body  cloth.  The  old  court  costume 
was  ornate  and  elaborate,  fixed  by  etiquette  in  its  details,  and  included 
much  gold  jewelry. 

There  is  evidence  that  costume  has  not  changed  fundamentally  for 
many  centuries,  except  for  the  addition  of  the  jacket.  Campbell  quotes 
the  accounts  of  the  country  given  by  early  voyagers.  Sir  Francis  Drake 
called  at  Bantam,  at  the  western  end  of  Java,  in  1580.  His  logbook  says: 
“The  Javans  are  a  stout  and  warlike  people,  go  well  armed  with  swords, 
targets  and  daggers,  all  of  their  own  manufacture,  which  is  very  curious 
both  as  to  the  fashion  and  temi)er  of  the  metal.  They  wear  Turkish  turbans 
on  their  heads;  the  upj)cr  part  of  their  body  is  naked,  but  from  the  waist 
downwards  they  have  a  pintado  of  silk  trailing  on  the  ground,  of  that 
color  which  jdeases  them  best.”  Another  Englishman,  whose  name  is  not 
given,  spoke  as  follows  in  “The  men  of  Batavia  go  naked  to  the 

middle,  which  is  coveretl  with  a  piece  of  calico,  or  cotton  reaching  nigh 
to  the  knee.  Some  of  the  women  go  in  the  same  manner,  but  those  about 
the  towns  and  coast  wear  a  waistcoat  of  white  cotton,  with  straight  sleeves, 
and  laced  before,  which  sloping  at  the  breast,  shows  their  neck  to  advan¬ 
tage.  As  their  waistcoat  does  not  reach  (piite  down  to  this  thin  i)etticoat, 
there  appears  tawny  skin  all  round  the  middle.” 

Habitations.*  The  ordinary  Javanese  dwelling  is  a  one  story  thatched 
structure,  with  several  rooms;  it  stands  in  a  courtyard  with  shade  trees, 
and  houses  a  single  family.  The  house  usually  stands  on  a  low  earth  plat¬ 
form,  but  some  in  the  western  part  of  the  island  are  built  on  i)iles.  Ihe 
walls  are  comnionlv  of  plaited  bamboo,  sometimes  of  wood,  and  may  be 
plastered  inside.  There  are  no  windows,  and  light  enters  only  through  the 
doorwavs,  but  this  is  no  inconvenience,  for  the  roof  projects  m  front  to 
form  a  Veranda,  and  most  household  occupations  are  carried  on  there,  or 
in  the  courtvard.  Furniture  is  scanty,  and  consists  of  mats  for  sleeping, 
pillows,  baskets,  pots  and  other  utensils.  People  sit  cross-legged  on  t  ic 
floor,  and  eat  with  the  fingers  from  wood  or  brass  trays,  Nvith  sin.il 

vessels  of  brass  or  china.  ‘irp  much 

'I'l.e  houses  of  important  persons— regents  ami  otlier  ' 

larger  and  more  pretentious;  they  are  nnnie  ot  wood  or  hr, eh,  nitl  a 
covered  asse.nhiy  hall,  often  with  fine  tile  Hoorn.g, 

buildings  The  furnishings  are  more  luxurious,  too,  \vith  tabl  ,  ^  ., 

r-nh  car„ets,  mirrors  and  glassware.  Child,  eauop.es  over  heds  and 
tallies  are’ very  common.  The  palaces  of  sultans  are  huge  enclosuies,  sur 
rmimk'd  hy  I  widUnd  moat,  w'hieh  contain  many  elahorate  hmidmgs.  and 

'Tr:^-;*lm:r:pofanu„d,er^^ 

each  with  its  courtyard,  plus  a  verj  simp  c  in  q  ’  ‘  ,j,|  " 

run  hv  Chinese,  and  the  house  of  the  regent,  if  the.e  s  one. 

.  Wl,:,l  toltows  is  taken  from  Cole,  and  Donald  Mael-anie  Cainplaill. 
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important  buildings  front  on  an  open  scpiare  with  shade  trees,  in  the 
middle  of  the  village,  which  serves  for  markets  and  festivities.  The  markets 
are  gay  affairs,  from  all  accounts,  well  furnished  with  “fruits,  vegetables, 
spices,  native  medicines,  beads  and  jewelry,  fowls,  fish,  meat,  baskets, 
mats  and  metalwork,”  cut  flowers  and  cloth.  There  are  tailors,  tinsmiths 
and  barbers.  The  occasional  markets,  and  the  few  Chinese  shops,  supply 
practically  all  of  the  villagers’  needs. 

Food.  People  take  a  light  breakfast  of  rice  cakes  and  coffee,  or  buy  a 
snack  from  a  food  stall,  eat  their  main  meal  at  noon,  and  have  a  lesser 
one  at  night.  Rice  is  the  staple,  wherever  it  can  be  grown;  elsewhere  maize 
or  sweet  potatoes  take  its  place.  It  is  steamed,  and  eaten  with  fish,  meat, 
vegetables  and  various  condiments.  The  whole  family  eat  together,  sitting 
cross-legged  on  the  floor;  each  person  receives  a  dish  of  rice,  and  adds 
other  things  to  it.  According  to  Campbell,  boiled  water,  drunk  warm,  is 
the  principal  beverage,  at  least  “among  people  of  condition.”  Sometimes 
it  is  flavored  with  cinnamon  or  other  spices.  Coffee  and  tea  are  also  in  use, 
and  a  great  deal  of  tea  is  drunk  between  meals,  throughout  the  day.  Fer¬ 
mented  liquors  are  made  from  rice,  but  little  used.  The  Chinese  prepare 
distilled  spirits.  The  chewing  of  betel  nut,  which  blackens  the  teeth,  is 
very  general.  Opium  is  used  in  some  places,  according  to  Campbell,  but 
little  excessive  use  is  reported. 

Daily  Routine.  Men  usually  work  in  the  fields  from  about  seven  in  the 
morning  until  midday;  women  cook,  look  after  the  children,  spin  and 
weave.  One  gets  the  imiiression  from  the  literature  that  everybody  works, 
but  that  nobody  has  to  work  very  hard,  in  spite  of  the  high  densitv  of 
population.  Camjibell  says: 


there  are  no  natives  of  Java  wlio  cannot  olitain  their  kaii  or  If  lbs.  of  rice  a  day,  with 
perhaps  a  little  dried  fish,  salt  and  leaves.  Where  rice  is  less  abundant  its  place  is  supplied 
by  maize  or  Indian  corn,  or  from  the  variety  of  beans  which  are  cultivated.  F-ven  should  a 

iTare  sT  to  obtain 

LresLbound!"'"  nutritious  roots,  shoots  and  leaves  with  which  the 

Famine  is  therefore  practically  unknown,  and  although  now  and  again  partial  failures  of 
the  „ce  crop  „ee„r,  „  is  seld„.p  so  extensive  as  to  be  felt  by  the  whole  eil'mlty^ 

d  leie  is  tune  for  pleasant  social  intercourse,  games,  cock-fightine 
puppet  dtows,  music  .hkI  perFonnances  of  the  dance  Games  incltid!  chefs 
and  various  forms  of  checkers.  Puppet  shows  are  immensely  popular-  the 
ones  are  taken  from  the  great  Hindu  epics,  tlie  Mal.abharafraifd  the 
aniajaiia  hut  they  have  acquired  a  local  setting,  and  the  people  are  not 
conscious  of  their  foreign  origin.  Music  is  performed  hv  oXf  tras  Uiicl 

sR-ings^The  ^ "^eluding  percussion  instruments,  winds  and 
Xcom-  s  ff’XLua:  '  u"'  higldy  appreciated  art.  seeii'at  its  Im 
eereinoiiia,  ollit  m  ^o  Im  T'- 

There  also  are,  or  were,  held  spofif ,  fXrsX 

'■'SrSir'F™  -  " "" 

1915.  ^  Present.  London,  William  Heinemann,  Ltd., 
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Comment.  In  spite  of  its  very  real  acliieveiiieiits,  Javanese  culture  is 
not  strikingly  original.  It  seems  to  the  western  observer,  however,  to  be 
more  balanced  than  the  Hindu  civilization,  its  parent,  which  is  marked 
by  an  excess  of  religiosity. 

Javanese  civilization  has  been  included  in  this  study  because  it  ])rovides 
us  with  an  example  of  an  advanced  and  complex  society  which  has  endured 
for  well  over  a  thousand  years  in  a  hot  wet  climate.  As  one  reads  the 
history  of  the  centuries  of  Javanese  indej)endence,  before  the  European 
conquest,  one  finds  no  evidence  of  decay  in  vigor  or  energy;  the  later 
kings  were  as  ambitious,  as  unscrupulous  and  as  capable  as  the  earlier 
ones,  their  troops  were  as  daring,  their  craftsmen  as  skillful,  their  peasants 
as  industrious.  The  monotonous  heat  of  the  climate  seems  to  have  had  no 
bad  consequences. 

The  particular  adajitations  to  heat,  which  were  made  by  the  Javanese 
population,  will  be  commented  on  at  the  end  of  the  section  on  the  Mayas. 


The  Mayas 

The  ^laya  civilization  developed  in  the  northern  part  of  Central 
.\merica.  Its  early  center  was  in  the  Peten  district  of  northeastern  Guate¬ 
mala;  there  it  flourished  and  thence  it  spread,  from  a  time  shortly  before 
the  beginning  of  the  Christian  era  till  about  600  a.d.  Then  the  early  cities 
were  abandoned,  for  reasons  which  remain  obscure,  and  there  was  a  general 
northwest  movement  to  Yucatan.  Here  the  IMaya  civilization  flowered 
again,  in  a  region  200  to  300  miles  away  from  its  former  location.*  It  had 
passed  its  peak  and  was  in  its  decline  when  the  Spaniards  arrived  m  the 

sixteenth  century.  .  i  i  •  xi 

Geography  and  Climate.  The  classic  Mayan  regions,  whether  m  the 

Peten  district  of  Guatemala  or  in  Yucatan,  have  a  warm,  steamy  climate. 
Most  of  the  Peten  region  lies  at  an  altitude  of  less  than  300  meters,  and 

Yucatan  is  still  lower.  .  „  .  ,  j  -fi. 

Northern  Guatemala  has  much  tropical  forest,  interspersed  wit 

.savannas.  At  El  Paso  Caballo,  on  the  Uio  San  Pedro  ISIartir  in  western 
Peten  the  averane  vearlv  rainfall  is  (i!)..55  inches,  with  monthly  averages 
varvii'ig  from  1.24  in.  in  March  to  11.1)2  in  Seplemlier;  the  average  aiiniial 
tem'pcratnre  is  81“  E.,  with  a  January  average  of  75  and  an  avciage  foi 

both  April  and  May  of  80“.  The  lowest  8  a.m.  ta! 

El  Caballo  was  55",  in  January,  and  the  highest  observed  .... 

I0(i“  in  April  At  Helize,  in  Hritish  Iloiidiiras,  the  mean  teinpcratnies  f( 
il  L  vc  vcim  peri;i  were  7(1.1“  E.  in  January.  80.8"  in  .Apri  ,  82.4“  ni  Jnl.v  am 
80  4°  ill  oitober;  the  total  aiiiiiial  rainfall  averaged  84.53  inches,  ^Maic 
and  A"iril  b^liig  the  driest  nioiitlis,  with  2  to  S  inches  of  rainfall  apiece,  and 

November  the  wettest  with  13.29  inches.t  ririteniala  but  the 

In  Yucatan  temperatures  are  nearly  the  same  as  *  j  j  | 

rainfall  is  about  half  as  yeat,  and  the  ™ 

rather  than  forest.  At  Maxcana,  in  northein  \ucatan, 

(t  n  f  •  ,1  Vincricti-  Scconti  puition* 

*S, linden.  Ancient  a  brief  but  adini- 

York,  .\inerican  Museum  of  Natural  History, 
rably  clear  account  of  Mayan  civilization  and  history, 
t  U.  S.  Dept.  Agriculture  Yearbook. 


1 


50 


ADAPTATIONS  TO  CLIMATE  AMONG  NON-EUKOPEAN  PEOPLES 


temperature  over  a  period  of  seventeen  years  was  77.9°  F.;  the  mean  for 
January  was  72.3°,  for  April  81.3°,  for  July  81.1°  and  for  Octobe^r  78.1°. 
The  highest  average  maximum  monthly  temperature  was  101.3°  F.  for 
May,  the  lowest  average  minimum  monthly  temperature  55.0°,  for  Jan¬ 
uary.  Mean  monthly  relative  humidity  varied  between  66  per  cent  for 
April,  and  83  per  cent  for  September;  the  annual  mean  was  76.5  per  cent. 
The  total  annual  rainfall  was  39.40  inches,  with  a  minimum  of  0.88  inches 
in  December  and  a  maximum  of  6.48  inches  in  June.  There  is  a  consid¬ 
erable  variation  in  total  annual  rainfall  from  year  to  year. 

The  southern  Maya  area,  which  came  to  include  Guatemala,  western 
Honduras  and  British  Honduras,  is  drained  by  a  number  of  rivers.  In 
northern  Yucatan  the  soil  is  a  porous  limestone,  and  the  rivers  flow  under¬ 
ground;  when  the  roof  of  an  underground  river  collapses  it  gives  rise  to  a 
great  hole  in  the  surface  with  water  at  the  bottom,  called  a  ceiiote.  Often 
cenotes  provided  the  water  supply  for  ancient  cities. 

The  Maya  region  has  a  varied  fauna.  Deer,  peccary,  monkeys,  the 
jaguar,  the  iguana,  the  turkey  and  the  alligator  are  among  the  conspicu¬ 
ous  species  in  the  lowlands;  deer,  ocelot,  coyote,  puma,  turkey  and  a  great 
variety  of  other  birds  in  the  uplands.  The  flora  also  is  varied.  The  upland 
climate  varies  greatly  from  one  locality  to  another  because  of  differences 
in  altitude  and  prevailing  winds. 


Population.  The  Mayas  were  American  Indians,  differing  in  no  funda¬ 
mental  physical  respect  from  the  other  aboriginal  inhabitants  of  the  New 
World.  Their  descendants  live  in  Yucatan  to  this  day.  They  are  described 
as  short,  thickset  and  heavily  muscled,  with  round  heads,  black  hair  which 
IS  usually  straight  but  may  be  wavy,  and  noses  which  vary  greatly  in 
shape,  but  may  be  aquiline. 

It  is  difficult  to  form  an  estimate  of  total  population  during  the  periods 
of  Mayan  greatness,  though  the  Carnegie  Institution  has  examined 
modern  conditions,  and  has  published  some  population  figures  for  Yuca¬ 
tan  That  region  probably  has  less  inhabitants  now  than  at  the  time 

wn!  ‘"'I'cate  that  the  population  of  Yucatan 

as  still  fairly  large  when  the  Spaniards  first  came  there,  though  civil 

whne  the  preceding  centuries.  Existing  ruiL  bear 

witness  by  the, r  size  and  number  to  the  presence  of  dense  and  laborious 
populations  during,  the  periods  of  most  active  construction  both  in 
Yucatan  in  the  later  period  and  in  Guatemala  in  the  earlier 

state  brffigr;‘:4rhTnf  dm 

paleolithic  hunter  All  thp  •  -r  i  skills  of  the  late 

ized  the  adva„red  peoples  of  character- 

region  at  the  time  of  their  discovery  bv'^Ein  America  and  the  Andean 
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Advanced  and  complex  cultures  cannot  exist  without  a  fairly  dense 
population,  and  this  in  turn  dej)ends  on  a  large  assured  tood  supply,  which 
hunting  cannot  provide.  '^1  he  critical  turning  j)oint,  therefore,  in  the 
development  of  indigenous  American  civilizations,  was  the  invention  of 
agriculture.  There  is  good  circumstantial  evidence  that  maize,  the  most 
important  American  food  plant  and  the  staple  of  all  the  advanced  in¬ 
digenous  cultures,  was  first  domesticated  in  the  Mexican  highlands,  where 
its  nearest  wild  relative  is  found. 

At  all  events,  it  is  from  a  center  somewhere  in  this  region  that  the 
earliest  sedentary  farming  culture,  called  the  Archaic,  spread  in  various 
directions,  largely  through  seniiarid  country.  Stratigrajihically,  the 
.\rchaic  culture  lies  under  the  more  coinjilex  and  highly  differentiated 
cultures  which  are  found  in  the  same  regions,  and  is  therefore  earlier. 
Besides  the  cultivation  of  maize,  it  includes  loom  weaving,  jiottery  and 
distinctive  small  figurines  in  both  clay  and  stone.  These  figurines  have 
been  found  from  ('entral  Mexico  to  Peru  and  Venezuela.  They  tell  us 
something  of  the  dress  and  ornament  of  the  period,  and  show  some  of  the 
objects  in  use.  Peojile  wore  nose  rings  and  earrings,  and  painted  or  tattooed 
their  bodies.  They  must  have  had  textiles,  because  some  wore  garments 
bearing  geometric  designs.  Imjilements  of  the  period  include  ])ots,  spear 
throwers,  clubs  and  drums,  and  there  are  little  figures  of  dogs.  The  actual 
date  of  the  Archaic  culture  is  difficult  to  determine,  but  reasonable  esti¬ 
mates  i)lace  its  beginning  three  or  four  thousand  years  before  the  Chris¬ 
tian  era. 

A  number  of  more  advanced  cultures  develojied  out  of  the  Archaie. 
Among  these,  the  Mayan  claims  our  attention,  because  it  grew  up  in  the 
humid  tropics.  To  establish  a  high  culture  in  such  an  environment,  it 
was  necessarv’,  first,  to  have  food  jilants  that  would  stand  the  climatt,  m 
this  case  varieties  of  maize  adapted  to  humid  conditions  were  developed, 
probably  by  a  slow  selection  that  accomiianied  slow  penetration  of  the 
area  Second,  it  was  necessary  to  have  a  society  so  organized  as  to  be 
capable  of  the  large  scale  effort  needed  to  make  clearings  and  keep  down 
the  luxuriant  wild  vegetation.  That  the  Mayas  fulHlled  this  secmid  condi¬ 
tion  is  abundantlv  proved  by  the  ruins  of  the  jmblic  works  of  their  cities. 

These  ruins  are  enormous.  They  comprise  the  remains  ot  stone  temples, 
covered  with  sculpture  and  other  ornamentation,  vvliich  stand  on  large 
pvramids  of  rubble  that  are  faced  with  cut  stone  or  cement;  these  and 
other  structures  which  may  have  been  palaces,  are  grouped  on  grea  ter¬ 
raced  artificial  platforms,  which  also  contain  sunken  courts  and  aie 
adorned  with  stelae.  All  the  elements  at  a  singde  site  combine  to  form  a 
integrated  whole,  whose  purpose  can  only  have  been  ceremonial  and 
politico-religious.  Spinden  aptly  calls  such  assemblages  civic  centers. 
The  mass  J  the  people  liv«I  u.-oun,I  them,  a,„l  in  tnl,uta,v  v.llages,  n. 

much  flimsier  structures.  ^  uUio  o*irliest 

Afany  Mavan  constructions  can  be  .late, I  by  mscnptions.  1  he  la  est 

large  monunmnts  in  the  southern  cities  were  bn, It  ,n  the  ‘ 

centuries  of  our  era.  At  this  tin.e  the  Mayan  'l 
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until  the  sixth  or  seventh  century.  Much  of  this  region  is  now  almost 
uninhabited  jungle.*  There  was  progress  in  art  and  architecture,  and  much 
further  building.  The  civilization  was  at  its  zenith  about  400  to  600  a.d. 

Meanwhile  S:hicatan  had  been  discovered  and  colonized,  and  towards 
the  seventh  century  the  center  of  Mayan  civilization  shifted  northward 
two  or  three  hundred  miles  to  the  Yucatan  peninsula.  At  the  same  time 
the  Mayas  expanded  over  the  highlands  of  Guatemala  and  southern  Mex¬ 
ico.  The  reasons  for  the  transfer  northward  are  not  apparent;  it  has  been 
variously  attributed  to  civil  wars,  epidemics,  and  depletion  of  the  soil  by 
primitive  methods  of  agriculture.f  In  their  new  location  the  Mayas,  after 
an  interval,  again  erected  great  buildings,  especially  in  the  tenth  and 
eleventh  centuries.  Politically,  they  developed  a  league  of  three  cities, 
Mayapan,  Uxmal  and  Chichen  Itza,  which  maintained  some  kind  of 


order  for  two  hundred  years,  but  broke  up  about  the  year  1200.  Several 
centuries  of  civil  war  followed,  and  there  seem  to  have  been  invasions 
by  the  Toltecs,  from  the  Mexican  highlands,  for  architectural  features 
associated  with  their  culture  are  found  in  some  of  the  Yucatanian  cities. 

iNIayan  civilization  was  already  in  its  decline  at  the  time  of  the  arrival 
of  the  Spaniards.  Many  of  the  cities  had  been  abandoned.  Apparently 
the  cause  lay  in  the  ceaseless  civil  wars  between  princely  houses  and  their 
factions,  which  had  devastated  the  region  for  about  three  centuries. 

The  Spaniards  conquered  Yucatan  between  1527  and  1541  They  were 
contemporary  observers  of  the  last  days  of  the  Mayan  civilization,  whose 

ending  they  hastened.  We  turn  now  to  their  accounts  of  Mavan  dailv 
life  and  customs. 

Houses.  The  civic  centers  and  temples  of  the  Mavas  have  been  nien- 
tioned  in  connection  with  their  history.  The  great  mass  of  the  population 
I'ed  in  rather  flimsy  hoii-ses  one  story  high,  of  the  kind  still  used  in 
\ucatan  by  their  descendants.  They  are  described  bv  Bishop  Landa  ± 
and  have  been  explored  archaeologically  by  Waiichoiie 

eiil  an?ha'l'’“"l7  'T  “  ■■•^rtangle,  often  with  rounded 

eiK  s  and  had  walls  of  vertical  poles  set  side  bv  side,  or  of  horizontal 

uattle,  sometimes  plastered  with  a  mixture  of  mud  and  chopped  grass 

Occasionally  walls  were  made  of  rubble  masonrv,  in  whole  or  ili  part  The 

iPiiiPiSiii 

t  Mori  Rritaniiioa,  ml,  E,liti„„. 

•Maya.  l^.iversfly  Iw'.'VC,  m"'"  '  The  .Vi.eieln 

I  Tozzer.  ’ 

Inslilulioa  PuhlleaiL,; 
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Usually  the  Indians  make  their  houses  of  wood  and  pointed  poles  covered  with  straw  and 
palm  leaves,  of  which  there  is  an  abundance  in  some  regions;  although  they  could  make  them 
of  stone,  since  there  is  much  in  the  land,  they  say  that  they  make  them  as  they  do  on  account 
of  its  being  healthier  to  live  in  houses  of  straw  than  (to  liv'e  in  houses  of)  stone,  because  of 
the  heat  which  they  have  from  the  month  of  April  to  September;  .  .  .  some  today  make  tlieir 
houses  as  the  Spanish  do — the  ancients  also  were  fond  of  living  high  up,  as  is  seen  in  most 
of  the  said  ancient  houses. 

Bishop  Landa’s  description  of  IVIayan  houses  is  as  follows: 


'I'he  way  that  they  built  their  houses  was  to  cover  them  witli  straw  which  they  have  of 
very  good  quality  and  in  great  abundance,  or  with  palm  leav'es,  wliich  is  very  well  fitted  for 
this,  and  they  have  very  steep  slopes,  so  that  the  rain  water  may  not  penetrate.  .\nd  then 
they  build  a  wall  in  the  middle  dividing  the  house  lengthwi.se,  leaving  several  doors  in  the 
wall  into  the  half  which  they  call  the  back  of  the  house,  where  they  have  their  beds;  and  the 
other  half  they  whitened  very  nicely  with  lime.  And  the  lords  have  their  walls  painted  with 
great  elegance;  and  this  half  is  for  the  reception  and  lodging  of  their  guests.  .\nd  this  room 
has  no  doors,  but  is  open  the  whole  length  of  the  house;  and  the  slope  of  the  roof  comes  down 
very  low  in  front  on  account  of  their  love*  of  sun  and  rain.  .Vnd  they  say  that  this  is  also 
for  another  object,  to  control  their  enemies  from  within  in  time  of  need.  The  common  people 
built  at  their  own  expense  the  houses  of  the  lords;  and  as  (the  houses)  had  no  doors,  they 
considered  it  a  grave  crime  to  do  harm  to  the  houses  of  others.  (’I'ozzer’s  footnote  .says  that 
the  entrance  was  commonly  closed  by  a  curtain.)  They  had  a  little  door  in  the  rear  for  the 
necessary  service,  and  they  have  beds  of  small  rods  and  on  top  a  basket-work  sevillo  mat 
on  which  they  sleep,  covering  themselves  with  their  mantas  of  cotton.  In  summer  they 
usually  sleep  in  the  whitened  part  of  the  house,  on  one  of  those  mats,  especially  the  inen.t 

Little  is  known  of  the  furnishings  of  ancient  houses.  According  to 
Tozzer,  it  is  uncertain  wliether  the  ]Mayas  used  beds  or  hammocks  or  lioth. 
Lauda  speaks  only  of  beds,  and  describes  them  in  the  passage  that  has 
been  quoted,  but  hammocks  arc  mentioned  by  other  writers,  and  today 
their  use  is  almost  universal.  There  is  no  reference  to  stoves  or  chimneys, 
and  Waiichope  quotes  a  traveler,  in  1702,  who  speaks  of  Indian  dwellings 
as  poor  cottages,  and  complains  of  the  smoke  from  the  cooking  files  on 
the  floors.  Lauda,  speaking  of  a  hurricane,  says: 


.  .  .  and  it  de.stroyed  also  all  the  tall  houses  which,  since  they  were  covered  with  straw  and 
contained  fire  on  account  of  the  cold,  were  set  on  fire,  and  they  burned  up  a  large  part  ot  le 

people.f 

One  infers  that  the  dwellings  of  the  poorer  IMaya  were  very  scantily 

furnished.  ,  ,  , 

Subsistence.  The  Mayas  lived  chiefly  by  agriculture.  They  cultivaUd 

a  number  of  plants,  including  maize  in  several  varieties,  beans,  peppers, 
cacao,  .squashes,  the  “wine  tree”  (Balche) ,  cotton  gourds  and  trees  which 
provided  them  with  incense.  Their  domesticated 

the  turkey  the  Mu.scovv  duck  and  a  small  honey  bee.  Thc.\  also  us 
many  wild  products,  such  as  fish,  game,  especially  venison,  and  edible 

and  medicinal  jilants.  x  i  i  tUo  Alnv-i-s  ntc 

The  diet  was  varied  and  good,  according  to  Lauda,  am  .  . 
heartily,  but  endured  hunger  patiently  when  they  had  to.  They  usual  > 

*  The  Spani.sli  amor  meaii.s  love;  thi.s  pas.sagc  ks  pn)bal)ly  a  copjist  s  error 

I-.<ia’s  Rclacion  de  la  Uosas  de  Yucatan,  (’and, ridge,  IVabody  Muscu.n  Papers. 

Vol.  XVIII.  1911. 
t  Tozzer:  Op.  cit. 
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had  maize  porridge  in  the  morning,  with  a  hot  drink  made  of  maize  and 
water,  flavored  with  peppers.  They  took  various  cool  drinks  during  the 
day,  and  at  night  ate  a  stew  of  fish,  birds,  or  game,  with  jiepjjers  and 
vegetables.  There  was  a  foaming  drink  of  ground  maize  and  cacao,  used  at 
feasts.  Hot  corn  bread  was  made  twice  a  day.  Maize  was  also  soaked  in 
lime  and  water,  half  ground,  and  put  up  in  balls  for  workmen  and  travelers. 

The  Mayas  made  wine  by  soaking  the  bark  of  the  Balche  tree  with 
honey  and  water,  and  got  very  drunk  on  it,  both  as  a  necessary  part  of 
certain  religious  ceremonies  and  for  social  purposes.  Landa  says,  of  one 
series  of  festivals: 


And  what  they  did  was  to  assemble  in  the  house  of  the  man  who  celebrated  the  festival, 
and  there  to  perform  the  ceremonies  of  driving  out  the  evil  spirit  and  to  burn  copal  and  to 
make  offerings  with  rejoicings  and  dances,  and  to  make  wine-skins  of  themselves,  and  this 
was  the  inevitable  conclusion  (of  their  feasts).  And  so  great  was  the  excess  which  there  was 
in  these  festivals  during  these  three  months  that  it  w^as  a  great  pity  to  see  them,  for  some 
went  about  covered  with  scratches,  others  (wdth  bruised  skulls),  while  others  had  their 
eyes  inflamed  with  much  drunkenness,  and  all  the  while  with  such  a  passion  for  wine  that 
they  were  entirely  given  up  to  vice  through  it.* 


d  he  women  got  drunk,  too,  on  occasion,  but  separately,  as  they  ate  apart 
from  the  men.  Landa  refers  frequently  to  the  numerous  disorders  that 
resulted  from  excessive  drinking.  Accounts  by  other  early  authors  say 
that  the  wine  served  as  an  emetic  and  a  purge,  and  kept  the  Indians 

healthy ,  so  that  evil  effect  followed  when  its  use  was  prohibited  by  the 
Spaniards. 

Clothing  and  Ornament.  The  ordinary  Maya  costume  was  a  loin¬ 
cloth,  wound  several  times  around  the  body,  the  ends  hanging  down  in 
ront  and  behind,  often  decorated  with  embroidery  of  feathers.  The 
omcloth  might  be  supplemented  with  a  large  square  cloak  tied  over  the 
shoulders.  The  material  was  cotton  cloth,  which  they  wove  with  great 
11.  They  often  wore  sandals  of  hemp  or  untanned  deerskin.  Women 
/ore  a  sack  ike  skirt  open  at  both  sides,  and  sometimes,  though  not  every¬ 
where,  another  cloth  covering  the  breasts.  Small  children  went  naked 
Men  wore  the  hair  long,  with  a  burned  space  like  a  tonsure  at  the  W 
the  long  hairs  were  often  braided  and  wrapped  around  the  head  Women’s 
hair  was  worn  long  and  was  carefully  dressed. 

The  weapons  of  war  were  the  bow  a  snear  witb  q  flLvt  •  4.  i 

times  wore  helmets  of  wood  but  ibL  ‘  ^  ^pamaids.  Leaders  some- 

of  offensive  and  defensive  weapons  giverby  lS°T 

incomplete,  and  savs  that  at  ^  i  Landa,  Tozzer  considers  it 

Aztecs  Th;se  i^S^ a  woodeif  s?’*'.  ‘ 

The  M.aya  practted  n™»  hod?  "'I'  ‘  ®  '"P  of  obsidian. 

flatten  tile  LeLad  by  cri;is,ingtli“^^^^^^^^  customary  to 

infancy.  Tlie  ears  were  pierced  for  tiendante  "ccn  two  boards  during 

cartilage  of  the  nose,  to  receive  in  amber  ^  ’  ‘''c 

•  W:  0„.  A  ornament,  and  had  tlieir  teetli 
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filed  into  i)oiiits.  z\i)i){ireiitly  men  also  i)ierced  the  nose  and  lips  for  orna¬ 
ments.  Both  men  and  women  were  tattooed  extensively,  women  from  the 
waist  lip  except  the  breasts,  d'attooing  was  a  painful  operation,  usually 
followed  by  local  infection  and  illness,  but  those  who  lacked  this  decora¬ 
tion  were  ridiculed.  It  was  a  mark  of  beauty  to  be  cross-eyed,  and  this 
condition  was  encouraged  by  attaching  a  little  ball  of  pitch  to  the  infant’s 
forelock,  so  it  would  dangle  before  the  eyes.  Both  sexes  were  fond  of 
painting  and  jierfuming  the  body. 

The  jiainful  means  adopted  by  the  Maya  for  beautifying  the  liody  may 
bear  some  psychological  relation  to  their  jiainful  religious  observances. 
Worshippers  offered  their  own  blood  at  certain  sacrifices,  cutting  the  ears 
and  jiiercing  the  lower  lips  and  the  tongue,  passing  straws  through  the 
holes  in  the  tongue  “with  horrible  suffering,”  and  sometimes  slitting  or 
piercing  the  ])enis.  These  jiractices  in  turn  were  apjiarently  related  to 
the  custom  of  human  sacrifice,  in  which  prisoners  of  war,  criminals,  .slaves, 
and  sometimes  the  worshipiiers’  own  children,  jirovided  the  victims. 
Human  .sacrifice  may  have  been  introduced  by  the  Aztecs,  at  a  late 
period  in  Maya  history;  but  the  other  ideas  appear  to  be  genuinely  jMayan, 

Other  Aspects  of  Mayan  Civilization.  The  Mayas  were  highly  skilled 
in  every  sort  of  stone  working,  from  large  scale  masonry  and  the  deeora- 
tion  of  monuments  to  the  carving  of  small  jade  objects.  Their  tools  were 
of  flint  and  other  hard  stones,  except  for  copper  hatchets,  chisels  and 
bells,  which  were  imported;  Yucatan  has  no  metals,  but  copper,  gold  and 
silver  were  mined  and  worked  in  neighboring  countries.  The  Mayas  were 
also  competent  carjicnters,  and  highly  expert  potters  and  weavers.  They 
used  a  number  of  weaves,  some  very  complicated,  and  were  familiar  with 
the  technic  of  brocade  and  lace;  they  also  embroidered  their  garments 
with  feathers. 

The  economic  system  of  the  Mayas  was  well  developed.  Ihey  had 
internal  markets,  and  also  carried  on  foreign  trade  by  sea  and  land, 
exchanging  such  things  as  salt,  fish,  cloth,  cloUiing,  feathers,  copal, 
wax  honey,  Hint  knives  and  .swords,  and  slaves  for  cacao,  stone  beads, 
feathers  and  metal  work.  The  cacao  bean  and  the  stone  bead  were  used 
for  money.  They  extended  credit  to  each  other,  and  regulated  their  ac¬ 
counts  and  contracts  by  the  calendar. 

There  were  several  distinct  social  classes,  at  least  slaves,  commoners 
and  nobles.  In  addition,  there  seems  to  have  been  an  intermediate  class 
made  up  of  the  rich.  They  ranked  between  nobles  and  commoners,  and 
filled  minor  offices.  The  nobles  took  great  pride  m  their  ancestry  and 
were  .ilenc  elisil'le  to  eliieftaiosliip.  Of  chiefs  there  were  several  sorts  an 
erases  with  clefinite  a.ln,i,.istrative  ami  jnclicial  funetums  They  enjoye.l 
coemption  from  trihnte.  atid  had  otlier  perquisites.  One  gets  the 
Son  f  a  well-organized  hierarehy.  At  certain  times  there  was  central  z 
Slie;  at  others  the  leading  ..rovineial  nobles  ''cre  v.rtna  y  ™  OK-nd^^^^^ 
sovereigns  The  priests  also  were  elaborately  organized,  with  a  high  prie 
theiHiead.  t'o  some  extent  they  l-redita..v  am  o 

ilo.l  from  the  nobles.  They  formed  a  learned  class,  iniicli  respectca. 

T  and  was  apparently  held  in  common,  with  appropriate  areas  assigne 
by  kcials  for  the  support  of  individual  families,  and  much  of  the  cu  iva- 
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tion  was  done  by  groups  working  together.  The  jieople  married  early. 
Marriage  was  monogamous,  but  easily  dissolved.  The  rich  also  had  slave 
women  as  concubines.  A  man’s  sons  inherited  his  jiroperty,  in  approxi¬ 
mately  equal  shares,  but  daughters  were  excluded.  Guardians  were  ap¬ 
pointed  when  needed;  but  small  orjihan  children  often  furnished  sacrificial 
victims.  The  code  of  laws  was  extensive,  and  included  severe  penalties. 

The  Mayas  developed  hieroglyphic  writing,  and  a  remarkable  calendar. 
They  had  measured  the  true  length  of  the  year  with  great  exactness.  Their 
system  of  counting  was  by  twenties.  The  notation  included  a  symbol  for 
zero,  and  the  idea  of  positional  value  in  writing  down  numbers.  This  is  a 
fundamental  mathematical  development  of  great  importance,  which  was 
not  reached  by  the  Greeks  or  the  Romans.  The  ]\Iayan  religious  system 
was  dualistic;  there  were  good  and  bad  gods,  in  constant  conflict  with 
each  other.  They  were  worshipped  with  elaborate  ceremonial  and  sacrifice. 

Comment.  Tnough  has  been  said  to  show  that  the  iMayas  developed  a 
remarkable  and  truly  original  civilization.  The  fact  that  they  had  some 
customs  which  shock  us  should  not  blind  us  to  the  magnitude  of  their 
achievements. 

A  compaiison  between  the  IMayas  as  they  were,  and  the  Javanese  as 
they  were  and  still  are  today,  is  not  without  interest.  Their  adaptations 
to  climate  are  very  similar.  Both  peoples  build  one  story  houses,  raised  a 
httle  on  platforms,  and  surrounded  by  a  courtyard.  The  roofs  are  of  thatch, 
which  gives  dense  shade  without  radiating  heat  inwards.  The  walls  are 
usually  of  .sticks  or  matting,  and  admit  ventilation.  Both  peoples  eat  a 
varied  and  higldy  .spiced  diet.  The  basic  dress  for  both  peoples  has  been  a 
loincloth  to  which  an  upper  garment  might  be  added.  Both  go  barefoot 
and  usually  bareheaded.  ^ 

Resemblances  are  found  in  other  fields  also.  Both  i,eoples  have  erecterl 

enormous  stone  temples,  decorated  with  fine  sculpture.  Both  have  organ- 

agriculture  on  a  somewhat  communal  basis.  Both  have  produced 

Sk,  Iful  artisans.  Both  have  been  prevailingly  monogamous  in 'poctice 

uth  frequent  and  easy  divorces,  and  both  have  recognized  concubinage’ 

nd  h  Both  have  lieen  ruled  bv  hereditarv  nZfs 

and  have  been  warlike  and  to  some  extent  cruel  ' 

ipiiiiiipi 

again  through  borrowing,  were  more  advinrorl  In!  i  •  ,  ^  Javanese, 

materials  than  the  IMayas  "  '  technical  command  over 

wh«ri;:rri;a;*:::;;k:ri:;;;'^ -  -hid.  eve.,- 

tropical  climates.  But  one  further  fiffic^’t*^'*"  '  ‘’"'i  Rn'ive  in  damj) 

've  .alxsolutelv  certain  T,"  'I'ffieiilty  remains  to  be  dealt  with.  .\re 

discussing  wie  the  s"me  wl  l-een 

lire  at  present?  In  the  case  of  Java '  thei"’’’  i'*  thev 

•favancse  civilization  was  not  in  a  dec]'  "‘i  ""  T*""  otherwise. 

".V  Kiiropeans,  and  the  writer  In.;  foi...d'no\vide:n:e:f:'',:™4f:;‘^^^^^ 
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between  that  time  and  the  present.  Tlie  case  of  the  Mayas  is  somewhat 
different.  Ellsworth  Huntington  has  argued  very  cogently  that  the  climate 
of  the  Peten  district  must  have  been  drier  during  the  period  of  Mayan 
greatness  than  it  is  now,  with  less  fever  and  less  overwhelming  vegetable 
growth,  perhaps  resembling  the  climate  of  modern  Yucatan.  On  this  I 
am  not  competent  to  express  an  opinion,  though  Page*  thinks  such  a 
change  unlikely.  The  point  does  not,  however,  affect  the  question  here 
examined,  for  Yucatan  is  warm  and  humid  enough.  We  are  trying  to 
assess  the  effect  of  a  hot  steamy  climate  per  se  on  human  energy,  when 
reasonably  appropriate  housing  and  dress  are  used.  Our  evidence  indicates 
that  human  energy  can  be  maintained  at  a  high  level  under  these  condi¬ 
tions.  1  am  completely  in  accord  with  the  students  of  climate  who  point 
out  the  medical  and  economic  disadvantages  of  fever-ridden  jungles,  but 
differ  from  them  in  maintaining  that  a  hot  damp  climate  is  not,  in  itself, 
necessarily  deleterious,  and  that  these  regions  can  therefore  be  made 
entirely  habitable  by  controlling  disease  and  cutting  down  some  of  the 
vegetation. 

Discussion 


The  evidence  which  has  been  examined  shows  that  great  civilizations 
have  arisen,  and  have  maintained  themselves,  both  in  hot  dry  and  in 
hot  wet  climates.  This  should  answer,  once  for  all,  the  question  whether 
such  a  feat  is  possible.  Iii  the  case  of  hot  dry  climates,  the  civilizations 
studied  were  the  creations  of  white  men;  in  the  case  of  hot  wet  climates, 
of  Malay-^Mongoloids,  of  the  varied  populations  of  India,  and  of  American 
Indians.  White  men  came  late  to  hot  wet  countries;  they  explored  and 
subdued  them  with  furious  energy;  whether  they  would  or  could  have 
founded  great  civilizations  there,  if  they  had  been  the  first  occupants,  is 

a  question  that  cannot  be  answered. 

Whether  white  men,  from  northern  latitudes,  can  establish  themselves 
permanentlv  in  hot  dry  or  hot  wet  countries,  without  loss  of  fertility  or 
energy  is  a  question  for  tlie  future.  In  the  case  of  l.ot  dry  countries  the 
answer  is  probably  affirmative.  They  are  doing  so  today  ni  our  own  soidh- 
west  and  other  whites  have  prospered  in  Egypt  and  Siimeria  For  liot  wet 
countries  we  must  await  tlie  results  of  further  trials  It  jj" 

making  them,  to  profit  by  the  lessons  which  can  be  learned  from  a  stu  y 

of  successful  tropical  civilizations. 

\s  far  as  direct  thermal  adaptation  is  concerned,  these  lessons  arc 
shiinle  liid  have  already  been  stressed  repeatedly:  the  use  of  shady, 
well-ventilated  dwellings,  of  an  ample  diet,  and  of  an  absolute 
of  clothing.  Together  with  adequate  sanitation.  '".f , 

sufficient.  The  writer  sees  no  reason  to  believe  that  it  ‘ 

desirable  to  weigh  down  a  settlement  with  the  enormous  ^ 
versal  air-conditioning.  As  far  as  heat  load  is  | | 

can  be  attained  at  less  cost  l>y  r s 


energy  in  hot  climates. 

*  IMorley,  op.  cit.,  1938,  Appendix  11. 
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A  few  details  that  increase  comfort  in  hot  countries  deserve  mention. 
Tlie  ancient  Egyptians,  the  modern  Moslems,  and  many  of  the  iirimitive 
peoples  of  South  America  and  Africa,  habitually  remove  body  hair,  either 
by  shaving  or  plucking.  Whatever  the  motives,  the  custom  jirobably  has 
some  value  as  an  adaptation  to  hot  climates,  for  sweat  can  run  off  or 
evaporate,  with  consequent  reduction  of  skin  irritations.  Sandals  are 
better  than  shoes,  for  the  same  reason.  The  coolest  hot-weather  headgear, 
without  exception,  is  a  large  straw  hat  in  the  shape  of  a  flattened  cone, 
held  several  inches  away  from  the  head  by  a  light  bamboo  framework.  It 
gives  shade  and  turns  rain,  and  does  not  interfere  with  evaporation  or 
convective  cooling;  and  it  hangs  on  the  wearer’s  back  when  it  is  not 
wanted.  This  hat  is  worn  by  peasants  in  southern  China  and  northern 
Indo-China.  Tinted  glasses — and  they  need  not  be  very  dark — add  greatly 
to  comfort  where  there  is  much  glare,  especially  where  buildings  are 
whitewashed.  The  custom  of  working  early  and  late,  when  it  is  relatively 
cool,  and  of  sleeping  in  the  middle  of  the  day,  during  the  hottest  hours, 
is  widespread  in  hot  countries,  and  has  much  to  commend  it.  South 
American  Indians  sleep  in  hammocks,  and  many  other  peoples  use  mat¬ 
ting  to  sleep  on,  either  on  the  floor,  or  supported  on  ropes  in  a  raised 
bedstead.  Either  arrangement  is  cooler  than  the  conventional  European 
mattress.  Flat  roofs  are  common  in  dry  countries,  and  on  hot  nights 
provide  ideal  sleeping  places.  Persian  houses  are  often  built  with  a  half- 
buried  basement,  which  the  occupants  move  to  in  summer,  as  it  is  cooler 
than  the  upper  stories.  Thick  walls  of  mud  brick  or  masonry,  high  ceilings, 
and  tall  windows  which  give  an  exit  for  warm  air  near  the  ceiling,  are 
very  desirable.  Large  slow-moving  fans  are  good  to  keep  air  in  motion. 

Other  devices,  which  have  escaped  the  writer’s  attention,  are  doubtless 
numerous. 

These  are  material  things.  In  the  growth  or  maintenance  of  a  civiliza- 
ion  social  and  ^ychological  factors  are  of  far  greater  importance.  They 
aie  also  more  difficult  to  analjEe.  Price  has  discussed  the  problems  that 
arise  when  two  races,  differing  in  culture  and  economic  statL  occupy  the 
same  territory.  To.ynbee  has  dealt  exhaustiyely  with  the  clmllen^Id! 

tioT  anVwHh  th  iT™'  ‘he  genesis  of  civiliza- 

ons,  and  wffh  the  need  for  a  basic  unity  of  purpose  between  a  people  and 

t;ti  +1?  ^  niiist  exist  if  a  civilization  is  to  continue  growing  It  is  to 

udies  like  these  that  the  reader  must  turn,  if  he  wishes  ^pursue  the 
subject  of  adaptation  to  hot  climates  further.  ^  ^ 
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C.  P.  Yagix)u 


MKASIIREMENT  OF  ENVIRONMENTAL  FACTORS  AFFECTING  WARMTH 

The  thermal  i)roi)erties  of  an  environment  arc  established  by  measure¬ 
ments  of  temperature,  humidity,  air  movement  and  radiation  intensity. 

Air  Temperatures.  The  most  convenient  method  for  measuring  dry 
and  wet  bulb  temperature  is  by  means  of  a  sling  psychrometer  or  an 
aspirating  psychrometer.  The  sling  psychrometer  consists  of  two  glass 
thermometers  mounted  side  by  side  on  a  metal  strip  pivoted  to  a  handle. 
The  wick  covering  the  wet  bulb  is  moistened  with  distilled  water,  a  few 
degrees  warmer  than  the  wet  bulb  temperature  to  be  measured,  and  the 
instrument  is  whirled  at  a  peripheral  speed  of  about  500  cm./sec.  or 
more,  until  the  wet  bulb  reading  reaches  tlic  lowest  value.  With  this  speed 
of  rotation  errors  due  to  radiation  from  ordinary  sources  are  reduced  to 
a  minimum,  except  when  radiation  intensity  is  high. 

In  the  aspirating  psychrometer,  a  motor-driven  fan  draws  air  through 
a  highly  polished  metal  tube  inside  which  the  two  thermometers,  or  sen¬ 
sitive  thermocouples  instead  of  thermometers,  arc  located.  The  open  end 
of  the  tube  should  also  be  i)rotected  from  outside  radiation.  This  instru¬ 
ment  is  more  accurate  than  the  sling  psychrometer,  but  it  is  also  more 

expensive.  i  j  •  u  • 


Ordinary  thermometers  and  thermocouples  freely  suspended  in  the  air 
are  subject  to  serious  errors  in  the  presence  of  intense  radiation,  particu¬ 
larly  when  temperature  and  air  movement  vary.  The  use  of  radiation 
shields  has  not  proved  entirely  satisfactory  because  the  shields  interfere 
with  free  circulation  of  air  and  increase  thermal  heat  capacity  ot  the 


system. 
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reached.  A  common  procedure  is  to  remove  the  wick  and  allow  water  to 
freeze  into  a  thin  sheet  of  ice  on  the  bare  bulb.  The  sling  psychrometer  is 
then  whirled  in  the  usual  manner  until  the  lowest  wet  bulb  is  obtaine 

Accurate  thermometers  with  fine  graduation  must  be  used  in  subtreezing 
temperatures  because  the  wet  bulb  depression  is  small.  Special  psy- 
chrometric  charts  are  available  for  subfreezing  temperatures^  and  for  low 
or  high  barometric  pressures.^  Several  types  of  dew  point  instruments  are 
now  commercially  available  for  determining  hygrometric  properties  of 
air  over  a  range  of  from  — 75  to  C.  with  accuracy. 

Air  Movement.  In  evaluating  the  warmth  of  air  conditions  we  are 
primarily  concerned  with  omnidirectional  air  currents  (turbulence)  rather 
than  with  linear  velocity.  The  principal  instruments  now  in  use  for  meas¬ 
uring  turbulent  air  motion  are  the  kata  thermometer,  two  types  of  thermo¬ 
anemometers,  and  the  hot  wire  anemometer,  all  operating  on  the  basic 


principle  of  cooling  of  a  heated  element. 

The  dry  kata  thermometer^  is  the  simplest  of  all.  It  consists  of  a  spe¬ 
cially  constructed  alcohol  thermometer  with  a  bulb  1.8  cm.  in  diameter 
and  4  em.  long.  The  time  of  cooling  from  38  to  35°  C.,  after  heating  in 
hot  water  and  thoroughly  drying,  is  utilized  for  computing  the  velocity 
by  means  of  an  equation  or  a  calibration  chart.  Standard  katas  (100  to 
95°  F.)  are  used  for  ambient  temperatures  between  10  and  30°  C.,  and 
high  temperature  katas  (130  to  125°  F.)  for  temperatures  between  30  and 
40°  C.  Special  instruments  are  required  for  temperatures  outside  these 
ranges. 

The  kata  is  suitable  for  measuring  air  velocities  between  15  and  250 
cm./ sec.  in  air  currents  which  do  not  depart  too  much  from  a  horizontal 
direction.  With  downward  currents,  the  indicated  velocity  will  be  lower 
than  the  true  velocity,  while  in  upward  currents  it  would  be  higher,  owing 
to  natural  convection  currents  from  the  large  heated  bulb. 

Standard  katas  are  also  subject  to  radiation  errors  if  the  temperature 
of  the  surrounding  walls  and  objects  differs  much  from  air  temperature. 
The  use  of  a  silvered  kata  greatly  reduces  such  errors.  For  accurate  results 
all  katas  must  be  individually  calibrated,  and  the  time  of  cooling  must  be 
recorded  with  a  stop  watch. 

The  thermo-anemometer^  consists  of  an  ordinary  glass  thermometer, 
vvith  an  electric  heating  coil  wound  around  its  bulb.  Small  dry  cells  furnish 
the  heating  current.  The  voltage  is  regulated  by  a  rheostat  so  as  to  obtain 
a  heated  thermometer  temperature  from  8  to  15°  C.  above  ambient  air 
temperature  The  velocity  is  computed  from  an  equation,  or  from  a 
eahbration  chart,  using  readings  of  the  heated  and  of  an  unheated  ther- 

can  be  measured  from 

5  to  mo  cm./ sec.  or  more  b.v  using  a  suitable  voltage 

\\hen  measuring  low  air  currents,  the  thermometer  should  be  held  in  a 
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HEAT  RECJULATION 

mam  disaclvantage,  by  comparison  with  the  kata,  is  the  necessity  of  a 
source  ot  electricity  and  of  an  accurate  voltmeter. 

hor  remote  reading,  a  heated  thermocouple  is  used  instead  of  a  heated 
thermometer,  in  conjunction  with  a  galvanometer  or  |)otentiometer.‘’  Air 
temperature  is  determiiicd  by  one  or  more  imheated  thermocouples  located 
at  a  distance  of  a  few  centimeters  from  the  heated  one. 

The  hot  wire  anemometer'  designed  for  turbulent  air  currents  is  made 
of  three  lengths  of  fine  jilatinum  wire  mounted  mutually  jierpendicular  to 
one  another.  The  elements  are  heated  electrically  to  a* suitable  tem])era- 
ture,  usually  between  100  and  ^00°  C.,  and  the  change  of  resistance  ])ro- 
duced  by  the  cooling  effect  of  air  currents  is  measured  with  a  potentiometer 
or  a  galvanometer. 

This  instrument  is  most  sensitive  to  air  motion  less  than  100  cm./sec. 
Response  is  almost  instantaneous,  and  therefore  several  observations  must 
be  made  to  obtain  a  good  average  reading.  For  velocities  much  over  100 
cm./sec.  the  thermal  capacity  of  the  elements  must  be  increased  at  the 
expense  of  sensitivity.  The  main  disadvantages  are  that  the  apparatus  is 
too  elaborate  for  field  use  and  requires  periodic  recalibration  due  to  aging 
of  wire  and  to  other  changes  of  seemingly  erratic  nature.® 

Radiation.  Heat  exchange  by  radiation  between  a  solid  body  and  its 
surroundings  depends  (a)  on  the  mean  temperature,  emissivity  and  ef¬ 
fective  radiating  surface  of  the  body,  (b)  on  the  temperature,  emissivity 
and  area  of  all  solid  surfaces  “seen”  l)y  the  body,  and  (c)  on  the  geometric 
orientation  of  the  enclosed  body  and  of  the  enclosing  surfaces. 

For  convenience,  it  is  assumed  that  all  enclosing  surfaces  are  black, 
with  temperatures  of  T^,  To,  T-^,  etc.,  degrees  ceiitrigrade  absolute.  The 
net  radiation  heat  exchange,  R,  between  the  black  enclosure  and  a  body 
having  an  effective  radiating  surface  A),  stp  m.,  au  emissivity  Ei,  and  a 
mean  temperature  Tb  is  then  given  by  the  following  equation; 

R  =  4.9^2  X  10-«AbEb[Fbi(Tb^  -  Ti^)  Fb..(Tb'  -  'IV)  -|-  •  •  •]  Cal./hr.  (Equation  1) 

where  4.92  X  10  ®  =  Stefan-Boltzman  radiation  constant,  Cal./sq. 
m./°C./hr.  and  Fbi ,  Ft.o,  etc.  =  angle  factors,  representing  the  fractional 
part  of  total  radiation  from  the  body  that  is  intercej)ted  by  the  respective 

surfaces  of  the  enclosure,  Ai,  Bi,  etc. 

In  order  to  combine  most  of  these  variables  into  a  single  factor  which 
can  be  determined  Ity  tests,  the  conce])t  of  a  mean  radiant  temperature  has 
been  introduced  and  is  now  generally  used  for  estimating  radiation  heat 

exchange  and  intensity  of  radiation. 

Mean  radiant  temperature  (m.r.t.)  of  a  nonuniform  environment 
(walls,  ceiling,  floor  and  objects  of  different  emissivities  and  at  different 
temperatures)  is  defined  as  the  temperature  of  a  uniform  black  enclosure 
in  which  a  solid  body,  or  an  occupant,  would  exchange  the  same  amount 
of  radiant  heat  as  in  the  given  nonuniform  enviroument.  liy  tins  detniition, 

(Kquufion  "Z) 


U  =  4.92  X  Ur*AbEb('l'b'  -  At.lt-T-9  Cal./lir. 
From  equation  1,  F,.!  +  F,..  X  —  =  1<>  therefore 

°  (\  absolute 


M.R.'r.  =  v^TvtV^E 
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It  is  thus  seen  that  ni.r.t.  is  an  average  black  body  temperature  of  all 
surrounding  surfaces  weighted  according  to  the  angles  snbtended  between 
the  enclosed  botly  and  each  of  the  enclosing  sui  faces. 

For  small  lemperature  differences,  such  as  are  usually  found  in  ordinary 
rooms,  the  radiation  heat  exchange  may  be  computed  from  the  following 
simplified  formula; 

R  =  Ab(tb  —  m.r.t.)  Cal./hr.  approximately  (Equation  4) 

Human  skin  and  ordinary  clothing  have  emissivities  very  near  to  1.0. 
Color  has  little  effect  on  emission  or  absorption  of  long  wave  radiations, 
such  as  are  encountered  in  ordinary  enclosures,  but  may  have  a  great 
effect  on  short  wave  radiations  such  as  those  from  the  sun  in  the  open. 

The  mean  radiation  intensity  of  an  enclosure  is  given  by 


Ir  =  4.9'2  X  10“^  M.R.T.^  Cal./mVhr-  (Equation  5) 


The  Radiation  Therniopile.  The  most  reliable  instrument  for  measuring 
m.r.t.,  or  radiation  intensity,  is  a  thermopile  used  in  conjunction  with  a  sen¬ 
sitive  galvanometer  or  potentiometer.  This  instrument  will  give  accurate 
results  without  regard  to  temperature  and  air  movement  if  the  receiving 
opening  is  protected  from  air  currents  by  covering  with  a  thin  membrane 
having  a  high  transmission  (90  per  cent-j-)  for  the  wave  length  involved. 
It  is  also  desirable  to  provide  a  thermocoujffe  for  measuring  the  tempera¬ 
ture  of  the  thermopile  cold  junctions.  Satisfactory  results  may  be  obtained 
by  using  a  long  couple  junction,  made  of  40  gauge  copper-constantan  wire 
and  lightly  cemented  across  the  therniopile  cold  junctions  after  coatings 
with  some  insulating  film  such  as  duco.  The  instrument  must  be  calibrated 


with  all  attachments  just  as  it  is  to  be  used.  Instructions  for  making, 
calibration  and  correct  use  ol  thermocouples  and  radiation  thermopiles 
are  given  in  a  publication  of  the  American  Institute  of  Physics.® 

For  determining  the  mean  radiant  temperature,  the  thermopile  is  at¬ 
tached  to  a  suitable  stand  at  the  desired  point  and  readings  are  made  by 
diiecting  the  receiving  cone  in  turn  to  all  surfaces  of  the  room  surrounding 
the  obsei\ation  point.  As  many  as  fifty  readings  may  be  required  in  rooms 
in  which  surface  temperatures  differ  considerably.  The  results  represent 
black  body  temperatures  which  automatically  allow  for  surface  emissivity. 

The  ni.r.t.  is  computed  by  adding  the  products  of  temperatures  and 
surface  areas  involved  and  dividing  the  sum  by  the  total  area.  When  the 
temperature  of  various  surfaces  differs  greatly,  the  ni.r.t.  should  be  cal¬ 
culated  by  using  the  fourth  power  of  the  absolute  temperature  instead  of 
the  hrst  power  of  the  temjierature. 

I  he  thermopile  cannot  be  used  in  atmospheres  which  are  supersaturated 
with  moisture,  nor  in  subfreezing  temperatures  when  frost  is  likely  to 
accumula  e  in  the  interior,  or  on  the  window,  of  the  therniopile.  Appmxi- 
ate  lesults  may  be  obtained  in  such  cases  by  the  use  of  surface  thermo¬ 
couples,  as  discussed  further  on,  but  surface  eniissivitv  must  be  known  or 
determnied  if  there  is  radiation  from  high  temperatnr;  sources, 

istoodehcte  ml  therniopile 

IS  too  delicate  and  laborious  to  use  since  it  requires  a  great  number  of  re-id 

mgs  to  integrate  radiation  from  all  direetions.  Bedford  and  Warner^®  have 
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sho\\  n  that  readings  of  an  iinheated  globe  thernioineter  may  be  utilized 
foi  estimating  m.r.t.  and  mean  radiation  intensity  if  the  air  tcmjierature 
and  air  movement  are  determined  simultaneously. 

1  he  conventional  globe  thermometer  consists  of  a  hollow  copper  sphere 
15  mm.  in  diameter  and  O.oG  mm.  wall  thickness.  It  is  painted  flat  black 
on  the  outside.  The  bulb  of  a  sensitive  glass  thermometer  is  fixed  at  the 
center  of  the  globe  with  the  thermometer  stem  protruding  to  the  outside 
through  a  tightly  sealed  opening.  A  thermocouple  may  be  used  instead  of 
a  thermometer  to  increase  response  to  changing  environmental  conditions. 
The  instrument  is  suspended  at  the  desired  location  with  light  string  or 
fine  piano  wire.  At  least  half  an  hour  must  be  allowed  to  approach  a  steady 
state  before  making  observations.  For  best  results  the  globe  should  be 
completely  evacuated  in  order  to  overcome  erratic  convectional  effects  in 
the  interior. 

\Vhen  equilibrium  is  reached,  the  effects  of  radiation  and  convection 
just  balance  each  other  and  the  m.r.t.  acting  on  the  globe  can  be  com¬ 
puted  from  the  following  heat  balance  equation: 


0.95  X  4.9'e  X  10-*  (M.R.T."  -  Tg")  =  1.155VV  (tg-t») 


or 


where  0.95 
Tg 
tg 

1.155 

ta 

V 


M.R.T."  =  Tg"  +  0.247  X  lO^v^  (tg-t„) 

einissivity  of  dull  black  painted  globe 
globe  temp,  in  degrees  centigrade  absolute 
globe  temp,  iu  degrees  centigrade 

globe  convection  coefficient,  determined  experimentally 
air  temp,  in  degrees  centigrade 
air  movement  in  cm. /sec. 


(Equation  6) 
(Equation  7) 


For  tenqierature  differences  of  less  than  30°  C., 


m.r.t.  =  tg  +  0.247  Vv  (tg  — ta)  degrees  centigrade  approximately  (Equation 


8) 


Strictly  speaking,  the  m.r.t.  thus  obtained  applies  only  to  the  globe  at 
the  point  of  observation.  A  man  in  the  same  position  will  be  exposed  to  a 
different  m.r.t.  because  the  angle  factors  from  the  body  to  each  room 
surface  will  not  be  the  same  as  those  of  the  globe.  The  angle  factors  wil 
change  akso  with  posture  and  proximity  of  a  person  to  surfaces  ot  unequal 
temperature.  The  presence  of  other  occupants  and  the  arrangement  ot 
furniture  will  further  alter  the  radiation  heat  exchange,  there  are  too 
many  ramifications  for  precise  application  of  the  m.r.t.  conceijt.  hor  mos 
practical  purposes  we  should  be  content  with  a  purely  physical  measure 
m.r.t.  as  obtained  by  son.c  standard  instrnment  snch  as  a  Ihennop.le  o. 

"  Roughly tmparable  angle  factors  for  a  man  and  the  globe  would  exist 
if  the  %oL  were  positioned  about  75  cm.  above  the  lloor  for  a  person 

sittine  and  about  120  cm.  above  the  floor  for  a  per.son  standing. 

Thf’greatest  drawback  to  the  use  of  the  globe 
are  worthless  when  air  or  wall  surface  ^ 

as  is  often  the  case  with  cycling  eharactenstics  of  antomat.c 

heating  and  cooling. 
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In  many  laboratory  tests,  the  need  for  measuring  radiation  intensity 
may  be  obviated  by  keeping  all  room  surfaces  at  approximately  air  tem¬ 
perature.  If  this  is  difficult  to  attain,  the  surfaces  should  be  draped,  allow¬ 
ing  at  least  2  cm,  of  air  space  between  drapes  and  walls  or  ceiling.  The 
floor  may  be  covered  with  a  grated  platform,  or  a  false  floor  may  be  con¬ 
structed  with  an  air  space  for  ventilation. 

The  measurement  of  radiation  intensity  out  of  doors  is  even  more  com¬ 
plicated  by  solar  radiation,  sky  radiation,  and  by  reflection  from  the  ter¬ 
rain.  The  globe  thermometer  will  give  only  a  rough  estimate  of  net  radiation 
intensity.  Rain  or  snow  will  preclude  its  use.  Still  more  difficult  is  the 
problem  of  reproducing  intensities  of  outdoor  radiation  in  the  laboratory, 
as  has  been  discussed  by  Blum.^^ 


MEASUREMENT  OF  BODY  TEMPERATURES 


Deep  Body  Temperature.  Deep  body  temperature  is  usually  measured 
in  the  rectum  by  means  of  glass  clinical  thermometers  or  thermocouples 
inserted  to  a  depth  of  8  cm.  or  more.  The  depth  of  insertion  should  be 
carefully  guarded  because  the  temperature  of  the  rectum  varies  consider¬ 
ably  with  depth.  In  Kitching’s  experience,^^  readings  at  a  depth  of  8  cm. 
agree  well  with  those  of  the  stomach  and  of  the  urine  voided  during  tests, 
in  subjects  who  are  in  thermal  equilibrium  with  the  environment. 

Glass  thermometers  do  not  conform  to  the  curvature  of  the  rectum,  and 
may,  therefore,  introduce  errors  due  to  poor  contact  and  lag.  A  ten-minute 
period  of  observation  is  desirable  in  hot  or  cold  environments. 

Thermocouples  are  indicated  when  the  rectal  temperature  changes 
rapidly.  A  satisfactory  rectal  thermocouple  can  be  made  by  cementing  to 
one  end  of  a  thermoplastic  tube  a  thin  metal  cap,  on  the  inside  of  which 
the  thermocouple  junction  has  been  soldered.  The  tube  is  bent,  after  heat¬ 
ing,  to  the  curvature  of  the  rectum.  Thermocouple  wires  should  be  pro¬ 
tected  by  means  of  rubber  tubing,  one  end  of  which  is  slipped  over  the 
plastic  tubing. 


Exposed  Skin  and  Clothing  Temperatures.  Exposed  skin  and  cloth¬ 
ing  temperatures  are  usually  measured  by  a  radiation  thermopile  with 
its  receiving  cone  always  held  at  a  fixed  distance  from  the  surface,  usually 
4  to  7  mm.,  or  just  as  the  instrument  has  been  calibrated  against’a  Leslie 
cube.  The  technic  is  similar  to  that  outlined  for  measuring  mean  radiant 
temperature  and  is  described  thoroughly  by  Hardy 
In  supersaturated  or  in  subzero  atmospheres,  where  the  thermopile 
cannot  bo  used  thei-mocouples  may  be  used  if  certain  precautions  are 
followed  to  reduce  important  errors.  A  bare  thermocouple  junction  in 
contact  with  a  flat  surface  will  give  a  reading  somewhere  between  the  true 
temperature  of  the  surface  and  that  of  the  air.  Poor  contact  and  high  heat 
conduction  of  wires  are  responsible  for  this  error.  The  finer  the  wire  and 
e  lower  the  air  velocity  the  greater  the  accuracy  will  be  The  correct 

iuvhi^imTSr:.  ■■‘■•'ypotl-tical  jnnctr 


obtained  by  sewing  thermocouples  of  85  to 
40  gauge  onto  the  clothing  and  by  covering  the  junctions  w  th  a  .trit  nf 
adhesive  tape  which  is  also  securely  sewn  onto  the  labr^ 
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Skin  Temperatures  Under  the  ClothinK.  Skin  te.ni.onUurcs  un.ler  the 

clothing  are  usually  measured  with  thermocouples  80  to  40  gauge  held  in 
place  l)y  means  of  suitable  harnesses.  However,  all  eoutact  thermocouiiles 
ot  this  kind  msuhUe  the  skin,  more  or  le.ss,  and  .so  affect  temperature  and 
caiullary  circulation  in  the  skin  under  the  button.  Circulation  may  he 
seriously  disturbed  by  excessive  harness  pressure  against  the  skin. 

In  studying  oyer-all  clothing  insulation,  thermocouples  .should  be  at¬ 
tached  onto  the  inside  of  the  innermost  layer  next  to  the  skin.  If  a  close- 
fitting  knitted  union  suit  is  worn  under  the  test  clothes,  the  mean  teni- 
peratuie  so  measured  will  be  within  *2°  C\  of  the  mean  skin  temperature 
as  measured  with  thermocouples  held  on  the  skin  with  adhesive  tajie. 

It  should  be  kept  in  mind  that  all  surface  temperature  measurements 
with  thermocouples  are  approximate.  It  is  therefore  desirable  to  check  all 
methods  against  readings  of  an  accurately  calibrated  thermopile  under 
conditions  in  which  the  thermopile  can  be  used.  In  studying  insulation  of 
clothing  we  are  e.ssentially  interested  not  so  much  in  absolute  values  as 


T.\ble  1.  Segmental  Hody  .Vjjeas  and  Skin  Temi’ekatuue  I{eai)ings  Required  for 

Computing  Mean  Skin  Temperature 


Body  Segment 

I’ereentage  of  'I'otal 
.\rea  (DuBoi.s) 

Minimum  Number  of  Readings  Itequired 

In  Hot  .Vtmosplieres 

In  Cold  .Vtmosplieres 

Head . 

7 

4 

3 

.\rins . 

14 

3 

Harid.s . 

5 

c) 

3 

T  runk . 

as 

3 

4 

. 

34 

4 

Feet . 

7 

8 

Total . 

10<»% 

Is 

40 

in  relative  changes  of  surface  temperatures  on  exposure  to  heat  or  cold. 
Uniformity  of  methods  will  help  in  comparing  results  of  different  investi¬ 
gators. 

C’omjiarative  measurement  of  skin  temjieratures  by  various  methods 
are  reported  by  Ilardy^'*  and  Iledford  and  ^\arner.^’  I  he  making,  cali 
bration  and  correct  use  of  thermocouples  are  thoroughly  discussed  in 
“Temperature.”'' 

Du  Hois  et  aiy'’  have  fixed  fifteen  different  spots  on  six  segments  ot  tlie 
body  where  skin  temperatures  are  usually  measured.  The  mean  skin  tem- 
Iienlture  for  the  whole  body  is  calculated  by  adding  the  products  of  mean 
.segmental  temperatures  and  surface  areas  of  segments  and  dividing  the 
sum  by  the  total  area.  Table  1  gives  DuHois  .segmieiital  area  factors  and 
the  minimum  number  of  observations  required  for  computing  mean  skin 
temperature  on  exposure  to  heat  or  cold.  Estimation  of  memi  body  tem- 
lieratiire  and  of  liody  heat  gain  or  debt  is  taken  up  by  Hardy  in  anot  ici 

section  of  this  book. 
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CHAPTER  3 


HEAT  TRANSFER 
J.  D.  Hardy 


INTRODUCTION 

The  excliange  of  heat  between  the  human  ])ody  and  its  environment  is 
accomplished  at  such  a  rate  and  in  such  a  direction  as  to  preserve  an 
almost  constant  internal  body  temperature.  The  organization  of  the  body 
will  not  survive,  without  damage,  body  temperature  much  higher  than 
45°  C.  or  lower  than  24°  C.,  and  in  normal  life  the  interior  of  the  body  is 
maintained  near  37°  C.  In  order  to  accomplish  this  homeostatic  tempera¬ 
ture  regulation,  the  heat  produced  in  the  body  must  be  lost,  even  under 
unfavorable  conditions  of  the  thermal  environment  and  despite  high  levels 
of  metabolic  heat  production. 

The  human  body  exchanges  heat  with  the  surroundings  through  four 
main  channels;  namely,  radiation,  conduction,  convection,  and  vaporiza¬ 
tion.  This  chapter  is  concerned  with  the  physical  laws  which  apply  to 
these  factors  in  the  range  of  physiological  temperature.  The  general  equa¬ 
tion  of  heat  transfer  can  be  written  as  a  simple  sum  of  the  factors  involved: 


11  =  Hr  +  He  +  IId  +  Ilv  (Equation  1) 

where  1 1  =  heat  exchange 

Hr  =  radiation 
He  =  convection 
Hd  =  conduction 
Hv  =  vaporization 

Depending  upon  the  direction  of  the  heat  flow,  the  quantities  may  be 
either  positive  or  negative  but  are  generally  considered  to  be  positive 
when  the  transfer  of  heat  is  from  the  body  surface  into  the  environment. 

In  general,  it  is  not  difficult  lo  measure  the  heat  loss  from  a  man,  and 
this  has  been  accomplished  by  means  of  various  types  of  calorimeters. 
Usually  the  radiation,  conduction,  and  convection  terms  can  be  hm^ped 
together  as  cooling  or  heating  in  accordance  with  Newtons  Law.  1  his  law 
says  that  the  heat  exchange  will  be  proportional  to  the  temperature  differ¬ 
ence  between  the  objects,  that  is. 


Hn  =  K  X  (Ts  -  To)  =  Hr  +  He  +  Hd 


(Equation  2) 


It  is  thus  necessary  to  measure  the  average  temperature  of  the  man’s  skm 
(T.),  the  constant  K,  the  average  temperature  of  his  cuviroumeut  (to), 
and  the  value  of  IIu  is  determined.'.  ^  In  most  ealoruneters,  of 

the  principle  of  ab.sorbing  in  the  environment  at  constant 
the  heat  that  the  man  gives  up.  This  may  be  accomp  i.shed  ''y  "  ^tiea 
cold  water  or  other  similar  cooling  devices.  To  IIn  it  is  necessary  to 
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only  Hv  and  the  total  heat  loss  from  the  man  is  obtained.  The  difficulty 
with  this  simple  procedure  is  that  it  does  not  tell  us  what  are  the  irn- 
portant  heat  loss  channels  in  a  man’s  outdoor  environment  or  even  in  his 
normal  indoor  environment  and,  in  this  way,  help  us  to  predict  from 
physical  measurements  made  on  the  environment,  the  clothing  require¬ 
ments  and  other  factors  for  individuals  at  different  levels  of  activity.  This 
obviously  complicated  problem  requires  for  its  solution  at  least  two  types 
of  information:  (a)  measurements  of  the  physiological  changes  in  the  man 
himself  as  he  responds  to  his  thermal  environment  and  (b)  the  measure¬ 
ment  of  the  pertinent  physical  factors  of  the  environment.  If  the  environ¬ 
ment  is  to  be  approached  in  this  way,  it  is  necessary  to  break  down  the 
heat  loss  into  its  various  channels  and  to  describe  the  environment  in 
terms  of  its  ability  to  produce  changes  in  the  radiation,  conduction,  con¬ 
vection  and  vaporization  of  the  man.  We  shall  therefore  take  up  in  detail 
in  the  subsequent  paragraphs  the  laws  which  have  been  discovered  by 
physicists,  engineers  and  physiologists  concerning  the  transfer  of  heat  by 
these  several  channels  with  particular  reference  to  their  applicability  to  a 
study  of  heat  loss  in  man.  It  is  intended  also  to  provide  in  a  general  way 
the  information  necessary  to  make  the  required  measurements  of  the 
environmental  factors. 


RADIATION 

By  radiation  is  meant  the  exchange  of  thermal  energy  between  objects, 
through  a  process  which  depends  only  upon  the  temperatures  and  the 
nature  of  the  surfaces  of  the  radiating  objects.  Therefore,  the  flow  of 
heat  by  radiation  does  not  depend  upon  the  presence  of  an  intervening 
medium  and  heat  will  pass  bj^  the  process  of  radiation  from  a  hot  object 
to  a  cooler  one  through  a  vacuum.  Radiation  in  the  general  sense  includes 
all  energy  transfers  of  this  type;  for  example,  cosmic  radiation  and  x-rays 
as  well  as  visible  light  and  infra-red  radiation.  The  technics  for  detecting 
and  analyzing  these  radiations  are  so  different  that  the  study  of  the 
electromagnetic  spectrum  has  developed  into  a  series  of  scientific  com¬ 
partments.  Figure  2  shows  diagrammatically  the  relative  positions  in  the 
spectrum  of  some  of  its  various  parts,  and,  as  examples,  the  energy  dis- 
tributmns  of  the  radiation  from  the  sun,  a  red  hot  stove  and  the  human 
skin  1  he  suns  infra-red  radiation  is  almost  entirely  absorbed  by  the 
earth  s  atmosphere  before  it  can  reach  sea  level.  Cloudiness  and  haze 
greatly  reduce  the  remaining  infra-red  portion  of  the  sun’s  spectrum  and 
1  IS  not  uncommon  to  find  the  infra-red  rays  from  the  sun  to  be  stronger 
in  the  winter  than  m  the  summer.^  * 

leiwflTf  Radiation.  The  amount  of  energy  which  is  radiated  at  wave 
of  'i.  J  included  in  the  small  spectral  range  AX,  is  given  by  the  Law 
0]  Planck  for  black  body  radiation: 


Hx 


Cl 

et^2/XT  _  1 


vvliere  Q  =  4.93  X  (X  expressed  in  cm.) 
<-2  —  1.432  cm.  degrees 
7*  absolute  temperature 


(Equation  3) 
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If  A  is  large,  then  the  minus  unity  in  the  denominator  may  lie  neglected 
and  we  have:  ‘ 

Hx  =  CiX-‘e-‘'2/XT 

which  is  Wien's  Law.  By  simple  difi’erentiation  of  Wien’s  Law  with  respect 
to  A  (holding  T  constant)  it  can  he  shown  that  the  wave  length  of  the 
maximum  radiation  is: 


X  max  r  —  constant  =  O.'iHS  cm.  degrees  (Equation  -t) 

1  his  formula  is  known  as  B  ieii  s  Displacement  Law  hecause  as  the  tem¬ 
perature  of  the  radiating  object  increases,  the  wave  length  of  the  maximum 
radiation  is  dis])laced  towards  the  shorter  wave  lengths.  Thus,  in  Figure  2, 


the  sun’s  radiation  (T  =  ()()()()°K  )  has  its  maximum  at  about  0.5/x,  whereas 
the  hot  stove  (T  =  1()0()°  K)  has  its  maximum  at  about  3/a  and  the 
human  body  (T  =  300°  K)  radiates  maximally  at  9.5/a.  Consideration  of 
Wien’s  displacement  law  (together  with  the  eye’s  visibility  curve)  shows 
why  one  should  expect  the  sun’s  radiation  to  appear  white,  that  of  the 
stove  red,  and  that  of  the  human  skin  to  be  invisible. 

Adding  up  the  values  of  Ha  for  all  wave  lengths  gives  the  Stefan- lioltz- 

manri  Law  for  total  radiation: 


Hr  =  SoT^ 


(Equation  5) 


The  net  transfer  of  heat  is  the  difference  in 
radiation  received.  Thus  we  may  write  for 


the  radiation  emitted  and  the 
this  tran.sfer: 
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Hr  =  Soe,e2(T^  -  IV)  A  (Equation  6) 

where  Hr  =  heat  transfer  in  gin.  cal. /sec. 

So  =  Stefan- Boltzmann  constant  =  1.37  X  gm.  cal./sec./cin. 

T  and  To  =  absolute  temperature  of  the  hot  object  and  its  environment 
e,  and  eo  =  the  emissivity  of  the  surfaces  of  the  radiator  and  environment,  with  maximum 
values  of  unity 

A  =  the  effective  radiating  area  of  the  hot  object 

Before  attempting  an  actual  computation  of  Hr,  it  will  be  de.sirable  to 
discuss  briefly  the  quantities  involved  on  the  right  side  of  the  equation 
and  to  show  how  they  may  be  measured  experimentally. 

Emissivity.  The  Black  Body  Radiator.  By  definition,  a  black  body 
is  one  which  reflects  none  of  the  radiation  which  strikes  it.  That  is,  it 


I'ig.3.  Reflecting  power  of  white  and  Negro  skin.  A,  white  skin;  B.  Negro  skin.  (Modified  from 
Blittner,  K..  Strahlentherapie  58y  and  Hardy,  J.  I).:  J.  Clin.  Investigation,  Vol.  13.) 


absorbs  completely  radiation  of  all  types  and  reflects  nothing.  The  term 
black  body  is  thus  quite  apitropriate.  No  physical  object  is  completely 
black  m  this  sense  because  every  object  reflects  some  light,  even  though 
It  be  a  small  amount.  In  contrast  to  the  black  body  is  the  yerject  reflector, 
a  type  ot  surface  which  is  approached  in  nature  by  highly  polished  metallic 
surfaces  (Table).  If  an  object  reflects  a  small  but  equal  amount  of  light 


Table  of  Low  Temperature  Emissivities 


(X  max  ~  9-10  n) 

Inside  blackened  cone . 

Human  skin . 

Rougliened  rubber . 

Black  lacquer  (glossy) . 

lute  lacquer  (glossy) . 

Copper  (polished) . 

Silver  (polished) . 


1,00 

.99 

.98 

.95 

.95 

.10-. 15 
.O'i 
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white  skin  reflects  visible  light  well  and  does  not  reflect  at  all  well  the  in¬ 
visible  infra-red  light.  Neither  Negro  nor  white  human  skins  are  by  any 
means  black  for  all  types  of  radiation.  In  fact,  the  white  skin  reflects  about 
80  to  40  per  cent  of  the  sun's  radiation,  whereas  the  dark  skin  of  the  Negro 
reflects  less  than  18  jier  cent  of  these  rays.^’  '*• 

It  has  long  been  known  that  the  human  skin  is  an  excellent  radiator."^ 
This  fact  is  surprising  to  many  because  of  the  visible  color  of  the  skin.  To 


understand  this  apparent  paradox,  let  us  first  state 

relates  the  radiating  power  of  a  surface  to  its  reflecting  power,  he  aw 
"lies  s^mplylhat  a^radiation  which  falls  on  a  surface  ,s  either  al, sorbed 

or  reflected,  and  the  law  can  be  written: 

Emissive  Power  of  object  _  Power  of  ii  bhifk  body  =  1 

Absorbing  Power  of  object 

(Equation  7) 


_  «»  -  1  = 
.h  -  -  -  1 


«o 


1  -  R 
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where  «b  =  radiating  power  of  a  perfect  black  l)ody 

€0  =  emissivity  or  a  radiating  power  of  the  object 
A  =  absorbing  power 
R  =  reflecting  power  of  the  object 

Surfaces  which  are  good  radiators  are  thus  poor  reflectors  and  vice  versa. 
Figure  3  shows  that  the  skin  is  a  very  poor  reflector,  except  in  the  visible 
and  near  infra-red  portions  of  the  spectrum.  Therefore,  in  the  far  infra¬ 
red,  the  region  in  which  the  skin  reflects  little,  the  skin  should  be  a  good 
radiator.  This  is  indeed  the  case,  and  Figure  4  shows  the  emissive  curve  of 
the  skin  compared  with  that  from  an  experimental  black  body  at  the 
same  temperature.  The  irregularities  in  the  curve  are  due  to  atmospheric 
absorption.  Therefore,  for  all  practical  purposes,  human  skin,  regardless 
of  its  color,  can  be  taken  to  be  approximately  a  black  body  for  the  range 


Fig.  5.  Exchange  of  radiation  between  two  gray  surfaces. 


i'f  /'■  ^  {»>■  the  skin 

0.98J  .01,  which  IS  sufficiently  close  to  unity  for  most  calculations. 

Another  important  factor  is  the  emissivity  of  the  environment  For 

xample,  if  one  were  in  the  center  of  a  large  sphere  which  had  highly  re- 

voflect'®  l”T  ’T'^  “  u  emitted  from  the  body  would  be 

wiirof  absorbed  by  the  skin.  Therefore,  even  tLiigh  the 

vail  of  the  sphere  were  very  cold,  the  skin  could  lose  but  little  heat  to  it 
by  radiation.  This  is  apparent  from  Figure  5.  Let  us  consider  fet  the 

hasa  vaiueof'Ha  T*“’Th’  ^o,  which 

amount  is  refle!ded  baA  'This  ‘'■'"’“‘‘‘f"  S,,  where  a  certain 

ing  power  fR  ')  of  S  nnrl  ii  i  will  depend  upon  the  reflect- 

gl  wei  (1^2  j  or  !52,  and  will  have  the  value  of  R  H  Q  «r:ii  i  n 

some  of  this  radiation  to  the  extent  of  R  R  H  n  ’ '  ® 

exchange  due  to  ravs  from  S  ,1?  and  so  on.  The  radiation 

ence  ofthese  amounts  '  '  •'‘“d  differ- 
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Hi  =  Hr,  -  liollR,  +  RiU.IIr,  -  li,U,»HR,  +  H.WHr, . 

or 

H,  =  11,  0  -  Rj)  +  n,R,R,  (1  _  U,  +  It, It,  _  . ) 

If  now  we  limit  ourselves  to  two  retleetions,  whieh  in  most  cases  is 
enough, then 

H,  =  Hr,  69  =  So6i69'IV 

As  tlie  same  reasoning  applies  to  the  radiation  from  surface  S2,  then 

H,  =  So6,6./lV 

The  actual  radiation  exchange  is  then  the  same  as  equation  (5,  that  is, 

Hr  =  H,  —  II2  =  So6,6i('ri''  —  'JV) 

which  is  the  Stefan-lioltzmaiin  Law.  If  all  possible  reflections  arc  taken 
into  account,  the  Stcfan-Boltzmann  Law  becomes: 

,,  So(T,^  -  'IV) 

Mr  =  — j -  (Equation  8) 

6,  6,! 

For  most  of  the  problems  connected  with  the  nude  human  body,  the 
emissivity  of  the  skin  being  almost  unity,  equation  (5  may  be  used  without 
aiiprcciablc  error. 


The  value  of  t->  for  a  particular  environment  is  most  difficult  to 
measure  because  the  radiation  from  the  surroundings  and  its  absolute 
temperature  must  be  known  to  solve  the  radiation  equation.  It,  however, 
the  radiation  exchange  from  an  object  of  known  cmi.ssivity  and  at  skin 
temperature  can  be  determined,  the  measurement  of  the  radiation  ex¬ 
change  can  be  made  even  without  a  knowledge  of  to.  hor  mdom-  environ¬ 
ments  in  which  the  walls  are  at  air  temperature  and  are  painted,  a  survex 
of  the  walls  with  a  radiometer'^-  will  give  their  temperature  and  may 
be  assumed  to  be  unity  for  practical  purposes.  In  more  complicated 
environments,  in  which  hot  objects  or  other  ra.l.alors  are  present,  re.soit 
must  be  made  to  instruments  such  as  the  eiiiiathoseope,  thermomtigi. 

tor,’^  or  j)an-radiometcr.^“ 
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The  Radiating  Surface  Area.  It  is  the  body  area  which  is  open  to  the 
on vironineiit  that  is  effective  in  contributing  to  heat  loss  by  radiation,  as 
the  skin  areas  between  the  fingers,  under  the  arms,  between  the  legs  and 
under  the  chin,  radiate  to  adjacent  skin  areas  and  therefore  not  to  the 
environment.  Thus,  although  the  entire  surface  area  of  the  human  can  be 
calculated  from  the  height-weight  formula  of  Dubois,  only  a  portion  of 
this  area  can  be  completely  effective  in  losing  heat  by  radiation.  This  is 
apparent  from  Figure  6,  which  is  a  cross  section  diagram  of  two  cylinders 
separated  by  a  small  distance.  The  surface  a  “sees”  only  a  part  of  the 
environment  and  radiates  to  b  all  the  energy  in  the  angle  x.  That  is,  only 
certain  areas  will  “see”  180  degrees  of  the  environment,  other  areas  will 
“see”  only  parts  of  this  angle.  Bohnenkamj)^^  in  Germany  made  the  first 
studies  in  this  regard.  Using  two  methods,  he  arrived  at  a  value  of  85 
per  cent  of  the  DuBois  area  for  the  radiating  surface  area  of  a  person  in 
a  spread  eagle  position.  It  is  obvious  that  the  bodily  pose  of  the  individual 
is  of  the  greatest  importance  in  considering  the  radiation  area,  because 
when  curled  up  with  the  knees  drawn  against  the  chest,  the  effective 
area  will  be  much  less  than  in  the  fully  extended  spread  eagle  configura- 


B 


A 


R 


log.  7.  Quantitative  excliange  of  tliermal  radiation  between  two  circular  apertures. 


Hr  =  1.37  X  10-12  nv  -  +  b2\ 

Trr*  \  ^  ^  )  S'n-  cal./sec.  (Equation  9) 
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If  the  apertures  liaiipen  to  be  rectangular  instead  of  circular,  the  equation 
liecomes: 


Hk  =  1.37  X  10-  (Tb^  -  M  +  1,^  -f 


where  a  and  ai,  b  and  bi,  are  the  dimensions  of  the  rectangles  A  and  li. 

case  II - TRANSFER  RETWEEN  NUDE  MAN  AND  ENVIRONMENT.  Assuming 

the  eniissivity  and  temperature  of  the  environment  can  be  measured, 
the  formula  is: 


Hr  =  1.37  X  10-“  (T.«  -  IV)  X  t  X  A  X  f  X  e,  kg.  cal./hr.  (Kquation  10) 

where  T,  =  average  skin  temperature  (°  C.  +  273) 

d'c  =  average  radiant  environmental  temperature  (+  273) 
t  =  seconds  in  one  hour 
=  DuBois  surface  area 

f  =  ratio  of  effective  radiating  surface  to  the  DuHois  surface  area  (0.78  for  nude 
man  lying  in  anatomical  position) 
e  =  emissivity  of  the  environment 

The  quantities  on  the  right  side  of  the  equation  can  be  measured  as 
follows: 

(a)  The  average  skin  temperature  can  be  obtained  by  measuring  the 
skin  temperature  of  various  areas  over  the  body  surface  and  weighting 
the  readings  according  to  the  proportion  of  the  body  area  represented, 
'riiiis: 

T,  =  (.07  T,  +  .14  T,  +  .05  T,  +  .07  T4  +  .13  'l\  +  .19  T,  +  .35  T7) 

where  the  numbers  in  the  equation  represent  the  proportions  of  the  total 
surface  area  represented  by  the  head,  arms,  hands,  feet,  legs,  thighs,  and 
trunk  respectively.  Ti  to  T7  are  the  average  surface  temperatures  of  the 
respective  areas.  As  an  example,  let  the  following  temperatures  be  the 
numerical  average  of  measurements  made  on  the  particular  area. 


Temperaiure 


°  C. 

Weight 

I  lend 

35.0 

X 

.07 

Arms 

33.3 

X 

.14 

Hands 

34.1 

X 

.05 

Feet 

30 . 6 

X 

.07 

I.egs 

31.8 

X 

.13 

Thighs 

31.9 

X 

.19 

'I'runk 

33  9 

X 

.35 

TToo 

245 

4l)() 

171 

214 

413 

()0() 

1187 

83.02°  C.  average  skin  temperature 


\|1  average  made  in  this  way  is  more  accurate  tlian  a  simple  mean  be¬ 
cause  the  temperatures  ot  llie  I, amis  and  feet  are  not  given  »ndi.e  im¬ 
portance  as  they  otherwise  woiihl  he.  It  is  particularly  miportant  tha 
an  average  of  this  sort  be  made  when  the  body  is  exposed  in  a  cold 

""iTule^mn  be  clothed,  the  radiant  surface  temperature  of  I''® 
can  be  measured  with  a  radiometer  and  averaged  as  ^ 

nreccdiiiff  paragraph.  The  temperature  of  the  surface  which  is  expose 
to  the  environment  is  a  basic  measurement  which  is  necessary  as  the 
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starting  point  for  all  the  calculations  and  estimations  of  heat  transfer. 
Bearing  in  mind  that  surface  temperature,  to  be  applicable  to  our  prob¬ 
lem,  should  be  measured  in  such  a  way  that  the  effects  of  the  environment 
are  not  altered  (radiation,  convection,  vaporization  and  conduction) ,  it 
is  easy  to  understand  the  difficulty  of  obtaining  such  measurements.  In 
fact,  no  method  of  measurement  is  completely  without  error;  for  a  critical 
discussion  of  technics  the  reader  is  referred  to  papers  discussed  by 
Murlin.^® 

The  indoor  and  outdoor  environment  of  man  often  contains  powerful 
sources  of  radiation,  the  sun,  for  example,  which  radiate  in  the  visible 
spectrum  as  well  as  in  the  infra-red.  For  these  radiations,  the  skin  is  not 
a  black  body  and  most  clothing  will  also  reflect  appreciable  amounts  of 
this  radiation.  Under  these  circumstances  it  is  not  valid  to  assume  that 
the  radiant  temperature  as  measured  by  means  of  a  black  radiometer 
will  give  a  value  which  can  be  substituted  in  the  Stefaii-Boltzmann 
formula  as  used  to  compute  the  radiation  exchange.  In  some  cases  the 
radiation  from  such  sources  can  be  put  in  as  an  additive  factor,  for 
example: 

H'r  =  Hr  —  (1  —  Rs)  II,  X  —  (Equation  10a) 

m 

where  H'r  =  total  exchange  by  radiation 
H,  =  intensity  of  sun’s  radiation 
R,  =  reflecting  power  of  skin  for  the  sun’s  radiation 

—  =  area  of  body  exposed  to  the  sun 

m 

If  there  be  any  appreciable  direct  reflection  of  the  sun’s  radiation  from 
the  surroundings,  this  will  have  to  be  additive  in  the  same  way  as  this 
also  cannot  be  treated  in  the  Stefan-Boltzmann  formula.  This  gives 


H'r  =  Hr  -  (1  -  R,)  (i  +  H,  .  A 

Vm  m  / 


(Equation  10b) 


where  Rr  =  reflecting  power  of  environment 

m'  =  fraction  of  the  body  area  exposed  to  this  reflected  radiation 

(6)  The  average  radiant  temperature  of  the  environment  is  measured 
most  easily  by  pointing  a  calibrated  radiometer  to  many  iioints  over  the 
entire  solid  angle  of  4  x  radians  and  making  an  appropriate  average. 
Although  there  is  as  yet  no  instrument  available  which  will  give  tMs 
average  m  a  single  reading,  the  method  described  by  Winslow  et  al  “ 
requires  only  two  readings.  These  authors  introduLd  the  ingeidls 

difficult  to  measure  It  is  venornll  f  \  ^  ^  ^  environment  is  most 

ror  most  environments,  buf  in  cas^s 
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jiioscnt,  it  is  bettor  to  make  aetvial  teni|)erature  measurements  of  the 
surfaees  in  the  environment  when  jiraetival.  There  is  no  instrument  at 
jiresent  which  will  give  in  a  single  measurement  the  emissivity  of  the 
environment. 

Summary,  lo  determine  the  radiation  exchange  between  a  man  and 
his  environment  six  measurements  are  made: 

Physwlogical  Ent  iron  mental 

1.  Skill  or  surlace  teniporatiire  1.  Avoram*  radiant  teni])(*ratiir<.‘  (infra  ri'il) 

•i.  Kfloctive  surlace  areas  '■2.  Emissivity  of  tlie  environment 

;t.  Hellecting  power  of  the  skin  and  clotliing  3.  Intensity  of  radiant  sources 

CONDUCTION 

The  How  of  heat  through  a  medium  without  the  physical  transfer  of 
material  is  called  thermal  conduction.  Conduction,  in  contrast  to  convec¬ 
tion,  can  take  place  in  solids  as  well  as  in  gases  and  liquids,  although  in 
the  latter  media  tippreciable  conduction  occurs  only  when  the  circnni- 
stances  are  such  as  to  prevent  or  limit  convection.  Heat  is  conducted  from 
within  the  human  body  to  the  skin  surface  and  from  the  skin  into  any 
cooler  objects  with  which  the  body  may  be  in  contact.  The  heat  lost  from 
the  normally  clotlu'd  body  is  probably  largely  conducted  through  the  thin 
air  layers  between  the  skin  and  clothing,  and  the  importance  of  this  fact 
will  be  disciLssed  in  later  chapters.  The  nature  of  the  contact  of  the  skin 
with  diH'erent  objects  is  quite  important  when  considering  the  amount 
of  heat  conducted  into  or  out  of  the  body.  This  is  apparent  to  anyone 
who  touches  a  cold  smooth  surface  and  compares  this  sensation  to  that 
from  contact  with  a  rough  surface  at  the  same  temiieratnre.  In  the  .same 
way,  it  is  apparent  that  some  objects  conduct  heat  more  readily  than 
others,  and  further,  that  the  greater  the  temperature  difference,  the 
greater  the  heat  lo.ss.  Of  all  the  major  channels  of  heat  exchange  between 
the  body  ami  its  environment,  conduction  is  the  one  with  which  we  are 
most  familiar,  our  experience  dating  to  early  childhood  when  the  funda¬ 
mental  lessons  of  hot  and  cold  are  learned. 

Laws  of  Thermal  Conduction.  In  a  medium  with  uniform  physical 
properties,  it  has  been  demonstrated  that  the  amount  of  heat  which  Hows 
from  a  warm  surface  to  a  cool  one  is  directly  jiroportional  to  the  lengdh 
of  the  path,  the  nature  of  the  medium,  and  the  thermal  gradient.  Putting 
this  in  the  form  of  an  ecpiation,  we  have  as  the  fundamental  equation  for 
heat  conduction  in  the  steady  state: 


H„  =  K  i'-)  X  t,  gm.cal. 

d 


(K.qviation  11) 


wliere  lb)  =  Uaantity  of  licat  coiKluctod 

K  =  tlierinal  coiuliictivity,  a  constant  wlnc-li  cit-pciuls  ui)on  the  material 
A  =  area  of  tlie  eoncluet ing  surfaees 
'I'-i  and  Ti  =  temperatures  of  the  warm  and  cool  surlaees 
t  =  time 

(1  =  thickness  of  tlie  comluetor 

This  forn.ula  has  hcen  a,„.lic,l  l.,v  .nany  authors  lo  ‘ I'J-  J 
coiuhiction  of  lieat  from  the  interior  of  tlie  hody  to  the  skm.  On  the  lavsis 
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of  coHiputation  Lcfevre,-"  Burton,-^  and  others  have  arrived  at  the  value 
of  K  0.0005  gm.  cal./sec.  cm.-./em./°C.  for  the  thermal  conductivity 
constant  of  hninan  tissues.  Hardy  and  Soderstroni,-  by  direct  measure¬ 
ment,  arrived  at  the  values  0.00047  and  0.00049  for  the  thermal  con¬ 
ductivities  of  beef  muscle  and  beef  fat  respectively.  Tables  of  thermal 
eonductivities  ean  be  found  for  many  sulistances  in  the  handbooks  of 
ph  ysics,  and  the  following  values  are  quoted  only  for  comparative  pur¬ 
poses: 


Silver .  (M)0  gm.  cal./cm.^/c-m./.sec./°C. 

(Hass .  (».()(r25 

Softwood .  0. 00009  “ 

Leather  (tanned) .  0.0004 

Paper .  0.0003 

Cotton  woo! .  0.00004 

Air .  0  000057 


It  ean  be  seen  that  miisele  and  fat  tissue  are  among  the  substances 
having  very  low  thermal  conductivities,  being  two  thousand  times  smaller 
than  silver  and  only  ten  times  greater  than  cotton  wool  and  dead  air. 
Gagge  et  al.,--  and  Hardy  and  Soderstroni  have  shown  that  when  the 
perijiheral  blood  vessels  of  normal  men  are  fully  constricted,  between  9 
and  10  kg.  cal./m.yhr./°C.  are  condueted  through  the  body  tissues. 
This  insulation  eorres})onds  to  a  layer  of  tissue  18  to  'i'-Z  mm.  in  thickness, 
hor  young  women  the  thiekness  is  even  greater,  lieing  about  ^24  mm.--^ 
The  equation  expressing  the  eonduction  of  heat  is  very  similar  and 
entirely  analogous  to  Ohm's  Law  for  eleetrical  circuits,  and  it  has  been 
shown  that  the  conduction  of  heat  through  layers  of  different  materials 
can  be  expressed  in  terms  similar  to  those  for  eleetricity.--^  That  is,  we 
may  eom])are  Ohm's  Law,  whieh  is: 


wliere  I  =  current 
E  =  voltage 
It  =  resi.stance 

I 

—  =  conductivity 


with  our  Heat  Conduction  Law: 


Ho  = 


V  *  2 


*  U 


KA 


^  2  1 1  is  the  thermal  gradient  and  corresiionds  to  voltage,  H„  is  the 

rate  of  heat  how  eorresponding  to  enrrent,  and 


factor,  or 


KA 


KA 


is  the  resistance 


is  the  ccn.luctance  factor.  It  is  this  factor  which  is  im- 

electricai  cir™it  cl pL  Lb  of  an 

resistance  can  he  written  as  the  .sn'm  ort'hll'ralc lltancl'''''' 
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R  =  n  +  r2  +  ra  and  —  =  - - - 

R  Ti  +  Ta  +  ra 


For  resistances  in  parallel, 


R  n  Fa  Fa 


Similarly,  if  we  consider  three  serial  insulating  layers  through  which  heat 
is  flowing,  the  total  thermal  resistance  will  be  equal  to 


d,  da 


K  kiAi  kaAa  kaAa 
or  the  over-all  thermal  conductance 


K  =  - gm.  oal./sec./°C.  (Equation  12) 

4- 

kiAi  kaAa  kaAa 

Should  the  layers  be  in  parallel, 

K  =  gm.  cal. /sec. /"C.  (Equation  13) 

di  da  da 

It  is  the  above  tyjie  of  calculation  which  must  be  made  to  determine  the 
effectiveness  of  the  insidation  afforded  by  clothing. 


A  simple  liypolhetical  example  of  the  use  of  tlic  formida  for  the  ovci^ill 
'onductance  may  he  of  value.  Sui)posc  the  skm  at  32  C.  is  cover  y  ■ 
linen  cloth  1  mm.  thick  (K  =  0.0002)  and  that  the  skm  is  separated 
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from  the  cloth  by  a  5  mm.  air  space.  The  outside  surface  of  the  cloth  is 
measured  to  be  29°  C.  How  much  heat  is  conducted  through  the  cloth .r' 


Up  - - (S2-‘i0)  gm.  cal./cm.Vsec. 

-^  +  — 

.00006  .000^2 

=  3.1  X  10“^  gm.  cal./cm-Vsec.  =  12.3  kg.  cal./hr./m^ 

The  above  calculations  have  all  assumed  that  the  conducting  media 
were  bounded  by  plane  surfaces  rather  than  curved.  The  human  body, 
however,  can  be  more  easily  studied  as  a  cylinder  or  series  of  cylinders. 
For  this  reason,  the  simple  formula  for  the  conduction  of  heat  through 
cylindrical  insulators  is  included.  If  Figure  8  is  considered  to  be  the  cross 
section  of  a  hollow  circular  cylinder  of  internal  radius  r^,  and  external 
radius  ro,  we  can  calculate  the  flow  of  heat  per  unit  length  from  the 
interior,  temperature  Ti,  to  the  exterior,  temperature  T2.  If  vve  consider 
an  infinitesimal  thickness  dr,  at  a  distance  r  from  the  center,  the  tem¬ 
perature  fall,  dt,  across  this  layer  can  be  considered  as  if  the  surface 
were  flat.  The  heat  conducted  through  the  layer  will  be,  according  to 
the  conductivity  formula. 


or 


Hd 


area  X  temp,  fall  X  thermal  conductivity 
distance 


27rr  X  dt  X  k 
dr 


Hd  dr 
27rK  r 


By  integration  between  Ti  and  T2 : 


T,  -  T2  = 


no 


In  - 
27rK  ri 


or 


M  (T,  -  T,) 

InL' 


If  the  cylinder  be  composed  of  several  layers,  for  example,  air,  cotton, 
wool  and  fur,  the  over-,ill  heat  conductivity  can  be  written  as: 


In  -  In  -  In 


+ 


TS 


27rKi  27rK2  27rK 


clotld„g,’ah’  If  l‘'‘yers  of 

internal  gradients  of  the  human  ^bodv  He  analyzing  the 

important  change  in  the  form  of  the  "giadientlf  hetts  tt;  genL^ed 


1)^2 
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ill  the  body  of  the  tissue  eylinder  (eurve  .S) .  The  eliaiifre  in  the  form  of 
the  giadient  due  to  tiie  generated  heat  ean  lie  seen  by  considering  the 
more  general  form  of  heat  eondiietivity  eijiiation,  which  says  that  the 
lieat  coming  out  ot  a  layer  is  the  same  as  that  eondncted  into  it  plus  or 
minus  any  heat  that  may  be  taken  out  or  added  iu  dnriug  the  process. 

1  he  more  complete  diseussiou  of  eouduetioii  as  applied  to  the  problem 
of  clothing  is  coiitaiued  iu  subseipieut  chapters  ami  it  remains  only  to 
be  mentioned  here  that  the  use  of  an  over-all  conductivity  unit  for 
clothing  was  introduced  by  (iagge.  Burton  and  Bazett  and  has  proved 
most  useful  in  dealing  with  the  problems  of  clothing  insulation. 


Summary,  lo  measure  heat  loss  by  condnetion  when  a  steady  state 
of  heat  flow  has  been  attained,  four  measurements  are  necessary; 

(a)  The  skin  temperature  (T^)  over  the  area  of  skin  in  contact  with 
the  conducting  medium.  This  may  be  a  difficult  measurement  if 


© 


HEAT  Flow 


Distance - - 

Fi^.  !).  Toinperaturo  gradients  in  (1)  a  plane  parallel  eonduetor  of  uniform  physical  prop¬ 
erties,  i'i)  a  uniform  cylindrical  conductor  which  is  conducting  heat  from  the  center  to  the 
outside,  and  (3)  a  uniform  cylinder  which  is  conducting  heat  from  the  interior  and  is  also 
producing  heat  uniformly  throughout  its  mass. 


the  medium  be  a  solid  of  high  conductivity.  I  he  use  of  fine  thei- 
mocoiiples  attached  to  the  .skin  (No.  .‘fO-No.  40  B  &  S  gauge)  might 
offer  a  solution  to  this  problem. 

(h)  The  skin  area  (A)  in  contact  with  the  conducting  mcdinm. 

(c)  The  thickne.ss  (d)  of  the  conductor. 

id)  The  temiieratnre  of  the  conducting  medium. 

The  value  of  the  specific  thermal  conductivity  of  the  mcdinm  can  prob¬ 
ably  be  found  in  one  of  the  nnmerons  physical  tables. 


CONVECTION 

Coiix  c-otioli  is  a  term  whicli  relVrs  to  the  exclimiso  <if  heat  Iretweei.  hot 
arid  eold  ol>jeets  l),v  the  pliysieal  transfer  nf  llie  h<|md  or  gas  wdli  «hic  i 
tl,e  ohieets  are  in  eontact.  This  type  of  heat  Iranster  depends  "I”'"  '' 

existence  of  a  tinid  medium  Indween  tlie  warm  and  cold  ohjeets  and  n po 
tlie  aetnal  streaming  movemeni  of  warm  moleenles  from  the  waim 
ohject  to  the  cooler  one.  The  tramsport  of  heat  hy  sneh  streams  (eoiuec- 
tion)  is  to  l)e  distinguished  from  heat  condnetion  througli  a  gas  oi  Inpm  . 
X-h  is  the  type  of  heat  transfer  in  which  there  ,s  no  streaming  and  m 
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which  the  molecules  of  the  medium  remain  essentially  in  their  original 
locations,  jiassiug  the  heat  energy  from  one  to  another  by  molecular 
vibration  and  collisions.  The  heating  of  a  building  by  hot  air  and  the 
cooling  of  a  surface  with  an  electric  fan  are  examples  of  forced  convection, 
whereas  the  streams  of  air  rising  about  a  warm  surface,  the  human  bod^ , 
for  examj)le,  are  called  natural  convection .  Natural  and  forced  convection 
can  contribute  to  heat  transfer  at  the  same  time,  although  it  is  likely 
that  natural  convection  will  become  decreased  as  the  forced  convection 
is  increased. 


So 


Natural  Convection.  It  l,„s  I.een  known  for  many  years  that  the 

1  1 It  will  be  toiind,  upon  measurement,  that  the  two 
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sides  of  the  metal  plate  will  be  at  nearly  the  same  temperature  but  the 
flow  of  heat  through  the  plate  will  be  much  smaller  than  indicated  by  the 
gradient  T3-T4,  and  more  in  keeping  with  the  gradient  T1-T2.  The 
temperature  gradient  1 1— 1 2  is  due  mainly  to  the  temperature  drop  across 
the  stagnant  air  films  (89)  in  the  immediate  neighborhood  of  the  plate  P 
and,  indeed,  it  is  the  low  conduction  of  heat  through  these  films  that 
forms  the  major  portion  of  the  heat  barrier.  The  thickness  of  the  air  films 
will  depend  upon  the  temperature  of  the  plate,  velocity  of  the  gas,  the 
viscosity  of  the  gas  and  the  gas  density.  The  amount  of  heat  carried 
through  the  film  will  depend,  of  course,  upon  the  thermal  conductivity  of 
the  gas,  the  thickness  of  the  film  and  the  tem])erature  gradient.  The 
transfer  of  heat  from  a  solid  to  a  liquid  or  gas  can  thus  be  visualized  as 
being  made  up  of  two  parts:  (1)  the  conduction  of  heat  through  the 


surface  layers  of  the  gas,  and  (2)  the  transport  of  heat  by  the  streams  of 
molecules  on  the  outside.  This  is  illustrated  in  Figure  11  which  shows  a 
hot  surface  Tn  in  contact  with  a  gas  at  a  temperature  Ta-  The  theory 
stated  above  says  that  the  layer  of  gas  next  to  the  wall  will  be  so  stuck 
that  it  will  not  move,  and  the  succeeding  layers  will  ii.ytake  increasing  y 
of  the  convective  streaming  in  an  approximately  linear  fashion,  the 
velocity  increasing  with  distance  from  the  wall  until  the  maximum  veloc¬ 
ity  is  reached.  The  heat  will  therefore  be  transferred  by  pure  conduction 
hrougr^he  adsorbed  layers  of  still  air  and  will  finally  be  transported 
away  by  streams  of  n.oiccules  which  move  faster  and  faster  as  they  are 

removed  from  the  surface.  /•  1.+  rinmo’s^c 

Biittner^  has  called  this  surface  layer  the  Grenzsclucht  and  * 

term  -private  climate  seems  very  appropriate.  Buttner  has  carried  t 
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idea  further  and  has  made  some  direct  measurements  of  convection  loss 
from  spheres,  cylinders  and  the  human  body.  The  theory  of  his  calcula¬ 
tions  is  extremely  simple  and  depends  only  on  the  assumption  that  the 
heat  lost  by  convection  will  be  equal  to  the  heat  conducted  through  the 
still  surface  layers  near  the  skin.  The  formula  for  the  conduction  in 
this  case  is 

=  K  X  A  X  (Th  -  Ta)  (Equation  14) 


where  Ho  =  convection  loss 

K  =  thermal  conductivity  of  air  =  ,0035  kg.  cal./m.Vhr./°C./cm, 

A  =  effective  surface  area 
Th  =  average  skin  temperature 
Ta  =  average  air  temperature 
5o  =  thickness  of  the  surface  layer 

All  the  quantities  to  the  right  of  the  equation  can  be  easily  measured 
except  A  and  Sq-  To  measure  So  measures  the  temperature  gradient 
from  the  skin  to  the  air  with  a  polished  thermocouple  mounted  on  a 
micrometer.  Using  this  method,  Biittner  obtained  values  of  Sq  for  dif¬ 
ferent  parts  of  the  body  of  a  nude  body  lying  quietly  on  a  hard  surface 
which  varied  between  6  and  10  mm.,  depending  on  the  temperature  of  the 
part.  By  proper  weighting  of  the  values  for  Sq,  he  arrived  at  an  average 
value  for  the  thermal  gradient, 


Th  -  Ta 
5o 


=  13.6°  C./cm. 


Then 


Ho  —  0.0035  X  13.6  =  0.048  cal./cm.Vmiu.  =  2.12  kg.  cal./m.Vhr./°C. 


The  methods  for  measuring  A,  the  effective  area  for  natural  convection 
loss,  have  not  been  well  worked  out.  Buttner  assumed  a  value  of  about 
80  per  cent  of  the  total  area  as  the  effective  area  for  convection.  Hardy  and 
Soderstrom,  by  comparing  the  convection  and  radiation  loss  from  nude 
men  lying  m  the  Russell  Sage  calorimeter  with  that  from  an  elliptical 
cylinder,  arrived  at  a  value  of  about  75  per  cent  of  the  DuBois  area  for 
A.  As  A  will  depend  upon  the  position  of  the  man  and  his  relation  to  his 
environment  (for  example,  whether  he  is  in  bed  or  standing)  its  measure¬ 
ment  IS  required  for  each  circumstance. 

Values  for  natural  convection  loss  are  quite  variable  as  quoted  in  the 
iterature,  even  for  a  nude  subject  lying  motionless  in  perfectly  still  air. 
A  few  average  values  are  given  below: 


Buttner . 

Winslow  et  al . 

Hardy  and  DuBois  (men) .... 
Hardy  and  Milhorat  (women) 
Hardy  (elliptical  cylinder) . . .  . 


2.12  kg.  cal./m.Vlir./°C. 
4. 1-5.8 
0.85-1.40 
0.8  -1.35 
0.6  -0.8 


It  IS  obvious  that  the  slightest  movement  of  the  siibiert  will  ' 

eCtk":Tn^Zv::tb„1osllvIlt  ‘h"-- 

the  Sage  subjects,  nor  was  the  air  absolu'teirsiilbTn  many  Tage^experi! 
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nieiits  values  as  high  as  ^\  inslow's  were  obtained  during  periods  in  which 
the  sid)jects  moved.  Hiittner’s  results  are  lower  because  the  subjects’ 
efteetive  area  was  limited  by  the  proximity  to  the  table  on  which  they 
were  studied. 

1  he  variability  ot  the  eouveetion  eoiistants  and  the  difficulty  of  obtain¬ 
ing  them  makes  it  seem  likely  that  eouveetion  will  generally  l)e  measured 
not  directly  as  Biittuer  did  it,  but  by  differenee,  as  is  the  common  practice. 
It  is,  however,  worthy  of  note  that  natural  convection  los.ses  can  be  esti¬ 
mated  directly  as  well  as  by  difference  under  certain  conditions. 

Forced  Convection.  Hy  forced  convection  is  meant  all  convection 
losses  in  exce.ss  of  that  natural  minimum  which  is  due  to  the  rising  of  the 
gas  or  li(piid  heated  by  the  warm  surface.  Thus  the  movements  of  the 
arms  and  legs,  whether  the  subject  be  walking  or  sitting,  are  considered 
to  generate  forced  convection,  (ienerally  speaking,  however,  forced  con¬ 
vection  results  from  air  or  licpiid  streams  generated  by  outside  forces  or 
by  the  movement  of  the  body  through  the  medium.  The  relative  velocity 
of  the  air  stream  with  res|)eet  to  the  warm  skin  or  clothing  is  the  added 
variable  which  is  introduced  when  one  considers  forced  convection  rather 
than  natural  convection. 

.\n  analytical  consideration  of  the  basic  concepts  concerning  forced 
convection  will  naturally  lead  to  a  statement  of  the  factors  upon  which 
this  heat  loss  channel  quantitatively  depends.  Whereas  it  is  not  within 
the  scoi)e  of  this  chapter  to  consider  the  question  from  the  fundamental 
hydrodynamic  concepts,-'  it  is  obvious  that  the  greater  the  velocity  of 
the  air  stream  and  the  greater  the  difference  in  temperature  between  the 
gas  and  warm  surface,  the  greater  will  be  the  convection.  Stating  this 
mathematically,  we  can  .say  that  the  convective  heat,  1^.,  depends  upon, 
or  is  a  function  of,  these  several  variables.  That  is. 


Me  =  f  (1),  V,  IS,  p,  AT,  K,  t) 


(Equation  1;>) 


where  lb  =  lit-at  loss  hy  eouveetion 

f  =  the  funetional  relationship  which  is  not  known  a  jjriori,  hut  can  he  determined 


from  experiment 

1)  =  eharaeteristie  dimension  of  the  ohjeet;  for  example,  the  diameter  of  a  sphere 

or  a  cylinder 
V  =  velocity  of  the  ^as 

^  =  viscosity,  a  factor  concerned  in  the  mohility  of  the  gas  molecule 

p  =  density 

=  thermal  condm  tivity 

(’  =  specific  heat  •  _ 

A'E  =  temperature  difference  between  the  warm  surface  and  tlie  air  -Is  l,. 


t  =  time 

Mow  these  values  can  be  cond)incd  to  make  a  scn.siblc  formulation  of 
convection  is  largely  a  matter  of  experiment,  but  it  is  also  a  matter  of 
analysis.  The  final  arrangement  which  best  fits  both  the  expenmenta 
facts  and  theoretical  considerations  is 


^1  _|_  ^  at  •  t  (Kcpiation  1.5a) 


where  a  and  b  arc  constants 
It  is  convenient  to  reduce  all 


depending  upon  the  particnlar  units  used, 
surfaces  to  rapiivalcnt  cylinders  or  siihcres 


JIP:AT  TKANSFIiK 


97 


because  most  of  the  experimental  work  has  been  done  by  engineers  who 
are  interested  in  convection  losses  from  pipes.  Neglecting  everything  but 
convection,  the  adult  human  body  loses  heat  like  a  cylinder  7  cm.  (3  m.) 
in  diameter-"  (a  .407,  b  =  .()()1‘23),  if  velocity  is  expressed  in  miles 
per  hour,  diameter  in  inches,  and  convective  heat  loss  in  kg.  cal./m.  / 
hr./°F.),  or  a  s])here  15  cm.  in  diameter,"^  and  the  study  of  convection 
losses  from  the  formulas  developed  by  engineers  can  he  most  easily  made 
l)y  considering  the  body  as  a  3  inch  cylinder  or  0  inch  sphere. 

is  ealled  Nusselfs  Number  (NU)  by  the  engineers,  and  it  can  lie 

.  /I)Vp\ 

seen  that,  negleeting  free  conveetion  and  the  small  last  term,  b  I  )  ’ 

one  ean  write 


DV 


is  called  Reynold’s  Number,  so  we  can  say  that,  for  forced  con- 


vection, 

Nu  =  a  Re^  (Equation  l(5j 

The  usual  method  is  now  to  plot  Nusselt’s  number  against  Reynold’s 
number  and  thus  obtain  the  value  of  a.  Biittner  has  done  this  for  sjiheres 
of  several  diameters  and  finds  a  =  0.70,  or 

\u  =  U.7()  Re-^*,  if  V  is  greater  than  .‘-2  ni./sec.  • 
or 

,,  0.07  /V.D.pX  52 

He  =  — —  ( - )  eal./em.2/niin./°C. 

J  )  \  fJ,  / 

Doing  the  same  thing  for  men  lying  on  their  backs  on  the  floor,  he  ar¬ 
rived  at 

He  =  0.021  (V)i  cat/cm.2/min./°C. 
for  the  human  body  in  general  regardless  of  size. 

^\inslow,  Herrington,  and  Gagge  have  determined  the  convection 
constants  in  much  the  same  way  and  arrived  at  the  following  formula  for 
conveetion  loss. 


or 


lie  -  ((5.51  -h  0.17  Vj  at  kg.  cal. /hr./,  for  V  mea.sured  in  ft. /min. 

11c  =  '2.3  Vv  •  AT. 


Kithcr  of  these  formulas  appeared  to  fit  tlieir  data,  .Although  the  air 
seloct.es  used  hy  Biittuer  were  higher  than  timse  use<l  hv  Winslow  et  al 
the  values  of  conveetion  are  in  good  agreement 

The  formulas  given  above  are  valid  only  for  a  limited  range  of  air 
veloct.es.  Bn  tuer  extended  his  measnre.nents  to  Id  meters  pm-  secon 

Al  .s.selt  s  and  Reynold  s  numbers  broke  down  It  was  I  eonard  TIiir’«i  i 
po.nted  out  that  the  cooling  power  of  an  air  strea!,:  wmfid  I  e  i  .-e- m  d 
t).v  mereasmg  its  veloeity  above  80  miles  ner  hmir  M  vo.Mr  i  •  i 
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iHiich  lower  than  that  of  the  surface.  Obviously,  the  formulas  discussed 
above  do  not  apply  to  such  high  velocities,  and  availalile  measurements 
of  forced  convection  are  probably  not  of  much  value  in  so  far  as  the  nude 
or  clothed  man  is  concerned  when  the  velocity  of  the  air  stream  is  much 
greater  than  10  meters/second. 

During  the  last  few  years  Plummer  has  made  an  extension  of  Winslow’s 
data  by  reducing  the  characteristic  dimensions  of  the  human  body  to  a 
cylinder  7  cm.  in  diameter.  The  curve  given  in  Figure  12  is  his  jdot  of 
the  convection  loss  of  a  cylinder  for  various  wind  velocities. 


Fig.  12.  Convective  heat  transfer  for  cylinders  of  various  diameters.  (Modified  from 
Plummer,  J.  II.:  Research  Publication  of  the  Climatology  and  Environmental  Protection 
Branch.  Office  of  the  Quartermaster  General,  August  25,  1914.) 


The  problem  of  measuring  convection  is  twofold  in  that  it  is  often 
desirable  to  predict  from  measurements  of  wind  velocity  and  temperature 
what  the  heat  loss  from  a  man  by  convection  will  be.  For  examjde,  it 
might  be  desirable  to  set  up  a  recording  instrument  in  a  desert  or  arctic 
region  to  determine  the  convection  loss  and  thereliy  to  obtain  data  troin 
which  predictions  as  to  the  type  and  amount  of  clothing  required  m  such 
regions  could  be  made.  Unfortunately,  this  question  cannot  be  answered 
completely  until  the  physiological  effects  of  convection  have  first  been 
investigated.  For  example,  what  is  the  skin  temperature  under  varying 
convection  losses?  This  usually  requires  the  calibration  of  the  physiol 
instrument  in  terms  of  the  man’s  physiological  responses.  It  is  not  suth- 
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cient  to  say  that  a  man  is  represented  by  a  cylinder  7  cm.  in  diameter  a 
then  look  lip  in  a  table  the  losses  from  such  a  cylinder  as  being  the  same 
as  those  from  a  man’s  skin  or  clothing.  The  experiments  of  Winslow  et  (d. 
are  the  only  ones  available  at  present  which  give  a  partial  answer  to  the 
physiological  problem.  It  is  necessary  to  know  the  skin  or  surface  tempera¬ 
ture  to  make  calculations  of  convection  loss,  and  it  will  probably  be 
necessary  to  submit  the  man  to  the  environment  in  question  to  obtain 
this  information  until  much  more  data  are  available. 

Summary.  Two  physiological  measurements  and  two  physical  measure¬ 
ments  are  required  to  compute  convection  losses.  ’I  he  physiological  meas¬ 
urements  are  (a)  the  skin  or  surface  temperature,  and  (b)  the  character¬ 
istic  dimension  of  the  body.  The  physical  measurements,  which  are 
relatively  simple  to  make,  are  the  air  temperature  and  velocity.  The 
measurements  of  skin  temperature  will  be  difficult  to  make  because  the 
thermometers  must  not  affect  the  skin’s  being  cooled  by  the  moving  air, 
and  they  must  not  themselves  be  affected  by  the  air  stream.  The  measure¬ 
ment  of  the  characteristic  dimension  will  require  a  series  of  measurements 
of  convection  loss  by  difference  as  affected  by  air  velocity. 

EVAPORATION 

The  continual  loss  of  weight  from  the  body  has  been  of  interest  to 
physiologists  for  about  300  years  and  the  mass  of  experimental  data  that 
has  been  gathered  by  many  workers  under  varied  conditions  has  estab¬ 
lished  the  importance  of  this  loss  as  a  factor  in  the  heat  regulation  of  the 
body.  F.  G.  Benedict^”  pointed  out  the  usefulness  of  the  fact  observed  by 
DuBois  and  Soderstroni;^^  namely,  that  about  25  per  cent  of  the  metabolic 
heat  is  carried  away  from  the  body  by  the  water  evaporated  from  the 
skin  and  lungs.  The  importance  of  the  physiological  control  of  the  water 
evaporated  from  the  skin  has  been  repeatedly  pointed  out  by  Rubner,^ 
Hill,29  Kuno,32  Newburgh33  and  many  others,  and  in  the  last  twenty 
years  the  physical  laws  concerned  with  the  loss  of  heat  by  evaporation 
from  the  body  have  been  carefully  worked  out  by  Biittner,  Gagge,^'^  and 
others.  The  relationships  thus  applied  to  the  evaporative  heat  loss  in 
humans  are  well  worked  out  in  the  range  of  normal  physiologic  adjust¬ 
ments.  Errors  can  be  made  in  comparing  the  human  evaporative  loss  too 
closely  with  that  from  inanimate  moist  surfaces  because,  although  the 
uman  body  tends  to  adjust  so  that  air  velocity  and  humidity  do  not 
affect  the  rate  of  evaporation,  these  factors  will  greatly  alter  the  evapora- 
tion  from  a  moistened,  heated  sphere,  for  example.  Evaporation  takes 
place  at  the  skin  surface,  the  liquid  sweat  passing  into  the  vapor  at  about 
skin  temperature  and  finally  passing  into  the  environment  to  cool  and  to 
expand  to  the  saturation  of  the  environment.  The  process  can  be  visual- 
ized  fiom  a  pressure  volume  diagram  as  shown  in  Figure  13 

nlot teVTor'i or  isothermal,  curves 
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As  the  heat  absorbed  from  the  body  surfaee  depends  upon  the  energy 
exchanges  that  occur  during  the  evaporation  of  the  liquid,  and  its  snbse- 
(juent  expansion  to  tlie  vapor  pressure  of  the  environment,  it  will  be 
desirable  to  consider  these  changes  in  detail.  The  entire  vaporization 
jirocess,  involving  the  i)assage  of  the  sweat  from  water  at  skin  temi)era- 
tnre  (point  1,  hig,  l.S)  to  vai)or  at  skin  temperature  (point  'i.  Fig.  IS), 
and  finally  the  cooling  and  cxi)ansion  of  the  vapor  to  atmospheric  condi¬ 
tions  (point  S,  Fig.  IS),  usually  occurs  within  a  few  millimeters  of  the 
skin  surface.  Thus,  under  ordinary  conditions  of  still  air,  the  skin  fur¬ 
nishes  the  heat  for  the  entire  transition.  To  simplify  the  calculations 
involved,  we  shall  consider  the  transition  of  1  gram  of  water  from  j)oint  1 


FifT  i;j  Pressure  volume  eurves  (constant  teuii)erature)  for  a  vapor,  indicating  the  varia¬ 
tions  in  specific  volume  of  the  li(piid  and  saturate.!  vapor  with  temperature.  (Modified  from 
Kdser:  Heat  for  .\dvaneed  Students.  I'he  Macmillan  (  o.) 


to  point  S  in  three  parts;  (a)  the  actual  vaiiorization  of  the  water,  (6) 
the  cooling  of  the  saturated  vapor  to  the  temperature  of  the  air,  and 
(c)  the  isothermal  expansion  to  point  S.  The  sum  of  all  these  (piantities 

will  give  the  total  heat  ab.sorbed  by  the  sweat.* 

(a)  The  vaporizing  of  a  gram  of  water  reipiires  heat  to  change  the 

internal  state  of  the  liipiid  and  additional  heat  to  expand  the  vapor  into 
steam  against  the  pressure  of  the  saturated  vapor.  The.se  heats  are  kium  n 
as  the  internal  and  external  heats  respectively.  \^  e  may  put  this  in  tlu 
form  of  an  equation  as 

*Thc  Handbook  of  Ph.vsie.s  and  Chemistry  eontain.s  an  excellent  table 
of  .saturate,!  steam,  an.l  the  more  complete  theory  ..f  th-s  matter  is  treate.l  b,  Cl-r. 
for  .\dvaneed  Students.  New  York,  The  Maemillan  (  o.,  lib-),  p. 
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1>  =  llj  +  lie 


where  “  Iciteiit  heat  ot  v^aponzatioii 
hi  =  heat  of  internal  work- 
lie  =  liPi't  ol  external  work 

As  hi  and  he  depend  on  the  temperature  at  which  the  vaporization  occurs, 
L  will  dejtend  on  temperature.  As  examples,  at  100°  C.,  3.S  C.  and  2*2  C., 

Lioo  =  4})S.'-2  +  40.5  =  588.7  gm.  cal. /gin. 

L33  =  544.4  +  83.(5  =  578.0  “  “  “ 

Loo  =  551.5  +  82.4  =  588.9  “  “  “ 

Thus  it  is  seen  that  Ip  decreases  with  temperature  and  he  increases.  Values 
for  L,  hi  and  hp  are  contained  in  the  steam  tables. 

(6)  The  cooling  of  the  vapor  to  room  temperature  will  absorb  heat 
rather  than  release  heat.  This  is  due  to  the  fact  that  if  the  vapor  cools  it 
will  condense  unless  at  the  same  time  it  is  expanded.  This  can  be  seen 
from  a  eomparison  of  the  values  for  the  volumes  of  saturated  vapor  at 
33°  C.  (28.08  liters/gram)  and  at  22°  C.  (51.5  liters/gram) .  Thus,  in 
order  to  cool  the  vapor  from  33°  C.  to  22°  C.  the  va])or  must  be  expanded 
to  almost  double  its  original  volume.  This  requires  heat  and,  as  this 
amount  of  heat  is  greater  than  the  number  of  calories  released  by  the 
va])or  as  it  cools,  we  have  the  anomalous  situation  of  a  substance  requiring 
heat  to  be  added  in  order  to  cool  it.  The  simplest  way  to  comj)ute  this 
heat  is  to  use  the  entrojiy  values  of  water  va])or  given  in  the  steam  tables. 
The  equation  is 


Ec  1  ave  (.^2  ^l) 

where  Ec  =  fieat  required  to  cool  the  vapor 


1  ave  —  average  absolute  temperature  = 


Ts  +  T, 


>  Tg  =  absolute  skiu  temperature 


and  Te  =  absolute  environmental  temperature 
>P2  —  eutrojiy  of  the  liquid  -)-  vapor  at  room  temperature 
<Pi  —  entropy  of  the  liquid  +  vapor  at  skin  temperature 

hot  example,  if  one  gram  of  the  vapor  is  cooled  from  33°  C.  to  27°  C., 

80(5  +  800 


Ee  = 


(2.0815  -  2.0028)  =  8.7  cal. 


coltluK'lrm  ‘  ’’''"‘’’'I’*'''  Si-ani  of  water  r  aporized  at  ;«!■>  C.  aiL,l 

cooled  to  100  per  cent  saturation  at  27°  C.  is  then 

578.0  +  8.7  =  580.7  gm.  cal./gm. 

saturaflt'  from  l(l()  ,>er  cent  saturation  to  the 

■satination  corresiiondinp;  to  the  environment  is  the  last  stop  \ssiimine 

•I'e  unsatnrated  ^.„por  follows  Boyle’,  and  Ga,j.Lu..„e:  "rife 

PV  =  RTo 


Pi  Vi  =  }\\\ 


and 
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or 

Vj  1*2 

where  P  =  pressure 
V’  =  volume 

U  =  universal  gas  constant  =  1.985  gm.  cal.  per  mole 
1  0  =  room  temperature  in  absolute  degrees 

Also,  the  work  done  in  expanding  a  gas  is 

de  =  PdV 
or 

e  =  J PdV  =  heat  of  expansion 

/Vi  V  1* 

SI  =  RTo  In  ^  =  KTo  In  ^ 

V2  '  1  ^2 

In  this  equation,  Pj  is  the  vapor  pressure  of  the  saturated  vapor  and  P2 
is  the  vapor  pressure  at  the  relative  humidity  of  the  room  air.  This  is 
rh  X  Pi  -  Then  the  heat  of  the  isothermal  ex{)ansion  e  is 

e  =  0.1104  To  In  - ^ ^  - 

relative  humidity 

As  an  example,  let  us  calculate  the  heat  required  to  expand  1  gram  of 
saturated  vapor  at  27°  C.  to  a  volume  corresiionding  to  20  per  cent  satura¬ 
tion  at  27°  C. 

e  =  0.1104  X  300  In  —  =  53.2  gm.  cal. 

0.2 

If  the  saturation  is  80  per  cent,  the  heat  is 

e  =  0.1104  X  300  In  -^  =  7.4  gm.  cal. 

0.8 

The  total  heat  absorbed  by  water  at  33°  C.  and  cooling  to  27  C.  and  20 
per  cent  saturation  is 

II  =  578.0  -1-  8.7  +  53.2  =  639.9  gm.  cal./gm. 

Direct  experimental  evidence  on  this  point  has  been  obtained*  from 
studies  in  the  calorimeter  of  the  Russell  Sage  Institute  of  Pathology.  In 
a  series  of  ten  experiments  with  an  electrically  heated  cylinder  jiartly 
covered  with  an  evaporating  surface,  an  average  figure  of  044  calories 
per  gram  was  obtained  for  the  total  heat  of  vaporization.  Conditions  ot 
the  experiments  were  similar  to  those  described  above. 

Table  2  contains  some  values  of  the  total  heat  of  vaporization  an 
expansion,  and  other  values  can  be  computed  from  the  equation 

1 

II  =  L  -I-  Tave  (<P2  -  <fi)  +10.1104  To  111  humidity 

The  following  values  are  taken  from  a  typical  Sage  calorimeter  experiment 
with  a  nude  man  as  the  subject: 

*  J.  D.  H.irdy:  Unpublished  observations. 


HEAT  TRANSFER 


103 


Calorimeter  temperature  ^ 

Calorimeter  humidity  “ 

Average  skin  temperature  during  an  experimental  hour  =  33  C. 

Mass  of  water  collected  from  skin  and  lungs  =  40  gm. 

As  about  one-third  of  the  water  collected  is  coming  from  the  lungs,  it  is 
safe  to  assume  that  the  temperature  at  which  the  evaporation  takes  place 
is  about  that  of  the  skin  (33°  C.) .  The  initial  state  (point  1  in  Fig.  13) 
is  therefore  sweat  at  skin  temperature  (33°  C.)  and  the  final  state  (point 


Table  2.  Total  Heat  of  Vaporization  and  Expansion 


(Kilogram  calories  per  gram) 


Skin 

Temperature 

Air 

Temperature 

Relative  Humidity 

100% 

80% 

60% 

20% 

10% 

35°  C. 

32°  C. 

.584 

— 

.601 

.638 

.662 

34°  C. 

30°  C. 

.583 

.591 

.600 

.637 

— 

33°  C. 

27°  C. 

.587 

.594 

.604 

.640 

— 

32°  C. 

25°  C. 

.589 

.596 

.606 

.643 

— 

30°  C. 

20°  C. 

.598 

.605 

.614 

.650 

— 

3  in  Fig.  13)  water  vapor  at  27°  C.  and  20  per  cent  saturation.  If  we 
follow  the  process  of  evaporation  according  to  the  above  diagram  and 
take  our  figures  from  the  steam  tables,  we  have: 


1.  ^ater  at  33°  C.  passing  into  the  saturated  vapor  at  33°  C.  absorbs  . 

2.  Saturated  vapor  in  cooling  to  27°  C.  absorbs . 

3.  Saturated  vapor  in  expanding  to  20  per  cent,  humidity  absorbs  . ... . ! 

Total  absorption . 


0.578  kg.  cal./gm. 
0 . 0088  kg.  cal./gm. 
0.0532  kg.  cal./gm. 
0.640  kg.  cal./gm 


The  total  energy  absorbed  from  the  man  by  yaporization  is  therefore 


4-U  A  U.t)40 


!  cai. 


factor  0  584''wh":  r-**  P°>»‘ed  out  that  the  use  of  the 

actor  0.584  which  is  the  latent  heat  of  vaporization  for  water  at  20°  C 

xlninr"'  ,  and  it  can  be  seen  that  ihe  libove 

example  would  give,  according  to  the  old  method  of  computing: 

40  X  0.584  =  23.4  kg.  cal. 

elrmo-;  pTce“'n';ha:r'"T"“‘'‘‘'''  is  a  smaller 

U  10  per  cent)  than  can  be  measured  in  human  calorimeters. 

but  it  will  l,e  Mtioed  in  ml  fi^'p(ftlmt  tbf(d„°le'lt  thf 

order  to  cool  it.  ^  supplied  to  the  saturated  vapor  in 
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Althoiifjh  moisture  is  lost  from  both  the  skin  and  lungs,  from  a  heat 
loss  standjmint  the  former  is  the  more  important.  Winslow  ci  al.  measured 
the  heat  loss  from  the  lungs  of  their  suhjeets  and  obtained  a  value  of  7  to  8 
kg.  cal./honr,  about  10  per  eent  of  the  total  heat  loss  in  the  neutral 
temperature  zone.  Ihis  heat  loss  is  dependent  for  the  most  ])art  upon  the 
res|)iration,  and  although  it  may  vary  eonsiderably,  it  does  not  in  general 
play  so  important  a  role  in  the  heat  loss  regulation  in  man  as  it  does  in 
eertain  animals.  Sweating  from  the  skin  is  the  important  means  of  losing 
heat  at  elevated  environmental  temperature. 

Hiittner"**'  j)ointed  out  the  imj)ortanee  of  the  amount  of  skin  whieh  can 
l)e  considered  wet  and  of  the  va])or  ])ressnre  difference  between  saturated 
vapor  at  skin  temperature  and  the  vapor  pressure  of  the  environment.  He 
])roj)osed  the  following  ecpiation  for  the  water  loss  from  the  skin: 


Wv  =  .y  X  ('  (Ks  —  Ka)  X  D)  gin. /mill.  (Equation  17) 

where  =  water  lo.ss  hy  vaporization 

.\'  =  the  wet  area  of  the  hody  (etpials  DuBois  area  for  its  inaximuin  value) 

('  =  0 OOO;}  gin. /min. /cm.  llg  (jirojiurtionality  factor) 

E,  and  1%  =  vapor  pressure  of  water  vapor  on  the  skin  and  in  the  air 

f(Vl))  =  function  of  velocity  V  and  1),  the  characteristic  dimension  of  the  hody;  the 

function  he  proposed  is  f(VD)  = 

This  formula  is  imiiortant  mainly  because  of  the  introduction  of  the 
idea  of  a  variable  wet  surface  of  the  skin,  (iagge  first  exploited  the 
physiological  importance  of  the  wetted  area  of  the  skin,  and  the  work  of 
the  Iberce  Laboratory  contains  the  most  comiilete  information  regarding 
the  factors  upon  which  the  wetted  area  of  the  body  depends. 

(iagge's  formula  for  the  heat  loss  by  vaporization  is  similar  to  Biittnei  s. 

(Equation  18) 
(Equation  18a) 


Hv  =  (Wju)  A  (E,  -  HH  Ea)  kg.  cal./lir. 


or 


(Wm)  = 


Jly 

.V(Es  -  Ull  Ea) 


where  W  =  fraction  of  hody  area  that  is  completely  wet 

M  =  proportionality  factor  which  contains  the  vaporization  constant  and  the 
factors  which  dejiend  on  air  velocity  and  direction 
Bv  =  Iwat  loss  hy  valorization 
A  =  total  hofly  area 
H!1  =  relative  humidity 

It  is  secTi  fnim  (’.agt!e's  equation  lliat  wlien  the  vapor  pressure 

(lui  X  I'-o  "f  H'l'  «!"•''»  ‘'"'t  ""  '■•■'I""', ; 

place,  au.l  if  the  air  vapor  pressure  sliouhl  he  frreater  than  that  ou  ii 

skill,  moisture  will  eoiuleuse  ou  the  skin  and  tlie  hoil.v  'vi  I  Saui  lie.it 

Iteiieiliet,'''  llaril.v  ami  I)ulioi.s,»»  ami  Winslow  et  „/  •  have  slnmii  tl  . 

within  the  .one  of  evaporative  reKiihition  -I’'''-/ ’. 

ehaiiLie  Ilv  This  is  ninlerstamlahle,  as  (.iiftRe  points  out,  Incan. si  t 
tiiaii^v  II\.  t-wirw  _  Hll  LA  is  compensaled  tor 

change  in  the  vapor  pressure  t.ittoi  (i^s  ivi  a) 

hv  an  increase  ill  the  wet  area  of  skill.  „.;il  nf  course 

'tIic  eflect  of  wimi  upon  the  wetted  area  and  upon  He  mil.  ol  couisc 
.lepend  nion.  upon  the  hange  in  total  heat  loss  than  upon  the  uiiinediate 
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alteration  in  Ily  caused  by  suddenly  blowing  air  upon  the  body,  lhat  is, 
if  the  skin  is  sweating  with  a  (  \V/x) ,  of  50  per  cent  in  qniet  air,  turning  on  an 
electric  fan  will  cause  a  large  initial  fall  in  (WV) ,  with  a  snbsequent  read¬ 
justment  to  a  new  (WV)  which  will  just  let  Ily  l)alance  the  heat  c'qnation. 
It  is  for  this  reason  that  the  laws  of  vaporization  relating  air  velocity,  tem¬ 
perature,  vapor  pressure,  and  so  forth,  as  determined  from  ])hysical  ana¬ 
logues  of  the  skin,  are  valid  only  under  conditions  which  are  predetermined 
by  observations  made  on  the  skin.  The  studies  of  wet  cylinders  and  spheres 
are  of  value  in  elucidating  the  mechanism  of  moisture  passage  through 
clothing,  but  they  are  the  strict  analogue  of  the  sweating  skin  only  if  they 
can  be  made  to  adjust  wetted  area  as  a  man  does,  or  in  the  limiting  case 
where  a  inairs  skin  is  100  per  cent  wetted. 


AIR  Temperature  in  °C 


tig.  I  t.  A,  eyaporative  heat  loss  in  relation  to  air  teuaperature.  B,  wetted  area  in  relatio  i 
o  '".'•  temperature.  In  both  figures  solid  circles  =  high  humidity,  and  ope.i  circles  =  low 
mmidity.  (Modihcd  Irom  \^lnslow,  Herrington,  and  Gagge:  Am.  .1.  Physiol.  120.) 

Equations  17  and  18  are  deceptive  in  their  simplicit.v  .and  the  phvsiologi- 
a  \anahle  ol  the  wetted  surface  should  not  be  lost  sight  of,  because  the 
onl.v  practical  wa.v  to  measure  (W^a)  is  to  measure  Ily.  Fortiinatelv  U 
can  he  rati, er  easil.v  measured  Iiv  observing  the  weight  los  o  he  lir  n 
I  lid  ,  IS  necessarv  to  do  thi.s  under  the  l  arious  conditions  of  environnumt' 
8  c  n  1  r  Tl'is  means  that  neither  equation  17  no r 

r:if side 

'i:v;:^::thr:;;imX  is'ni 

exiierimentall.v.  because  A'  is  decreased  •is'^  yT'^  "''rr 

from  equation  18a  that  one  must  meisi'ire  H  •  «l'l)i>rcnt 

t  "''TT 

decrease  with ' ’l.r  ;mnrhtv''lL  ’;  »v  would 

evaporation  iu  the  ph.vsiologica,  .'oue  of  ten.peladim'r'reguhdf:,:  is’:,^,- 
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affected  by  humidity  because  (W^)  compensates  to  keep  Ily  independent 
of  humidity  (Fig.  14B) .  Gagge  showed  that  (W/a)  liad  a  maximum  value 
of  about  28.5  kg.  cal./ni.^  hr./ cm.  llg  for  two  nude  subjects  and  tliat  this 
represents  a  100  per  cent  wetted  skin.  Hy  measuring  (Wfi)  for  other  condi¬ 
tions  of  the  atmosphere,  the  degree  of  wetness  of  tlie  skin  can  be  cal¬ 
culated  by 

W%  =  X  100 
28.5 

Winslow,  Herrington  and  Gagge  have  done  this  for  the  nude  man  for 
high  and  low  humidities  and  for  environmental  temperatures  between 
10°  C.  and  42°  C.  (Fig.  144) .  It  will  be  noted  that  the  evaporative  loss  is 
approximately  the  same  throughout  their  experimental  range  regardless 
of  the  relative  humidity. 


Fig.  15.  Relation  of  the  degree  of  wettedness  of  skin  surface  (Ww)  to  operative  temperature 
(To).  (Mollified  from  Gagge,  A.  P.;  Am.  .1.  IMiysiol.  120.) 


Summary.  It  is  not  possible  at  present  to  measure  the  thermal  factors 
of  an  environment  by  means  of  physical  instruments  alone  and  thereby 
predict  in  every  case  the  value  of  the  evaporative  heat  loss  of  a  man.  1  his 
is  due  to  the  fact  that  the  wetted  area  of  the  skin  is  a  variable  physiological 
factor  the  behavior  of  which  is  not  known  for  all  environmental  condi¬ 
tions  For  the  conditions  in  which  the  wetted  area  is  known,  the  evapora¬ 
tive  heat  loss  can  be  predicted  from  the  measurement  of  air  temperature 
and  velocity,  relative  humidity,  skin  temperature,  and  the  charactciistic 

dimension  of  the  body  for  convection. 


SUMMARY 


Although  an  equation  can  be  written 
of  heat  loss  from  the  human  body,  it  is 


combining  the  four  major  channels 
doubtful  whether  it  can  be  profit- 
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ably  used.  The  general  equation  for  the  heat  exchange  between  a  man  and 
the  outdoor  environment  (and  in  some  cases,  his  indoor  environment)  is 
complex,  requiring  almost  a  score  of  measurements  of  different  types, 
about  half  of  which  are  measurements  of  the  man  himself.  It  is  not  possible 
at  present,  in  many  cases,  to  make  measurements  of  the  thermal  environ¬ 
ment  and  thereby  predict  the  physiological  adjustment  of  the  human 
heat  regulating  system  to  it.  For  controlled  environments,  the  heat  loss 
equation  becomes  simpler,  the  physiological  reactions  of  the  man  are 
known  and  can  be  predicted  by  physical  measurements  made  on  the 
environment. 

The  general  heat  loss  equation  can  be  written  from  equation  1  in 
kilogram  calories  per  hour. 


H  =  1.37  X  10-11  (T.^  -  To^)  •  A  •  f  •  e  — (1  -  R)  -f  — H,  .  A  Radiation  term 

\m  mV 


+ 


1 


(T,,  -  TO 


Conduction  term 

Convection  term 

Evaporation  term  (Equation  19) 


V.  ki  Ai  kjAo  kjAs 

+  W  (E.  -  RH  Ea) 

The  following  measurements  are  necessary  on  the  man: 

1.  Average  skin  temperature,  Tg;  temperature  of  skin  in  contact  with 
conducting  medium,  T,,. 

2.  Surface  area  of  the  body  (DuBois) ,  A. 

3.  Effective  radiating  area  of  the  body,  f.  A;  also  A  and  A 

.  Reflecting  power  of  the  body  for  various  wave  lengths  of  light  in 
the  environment,  Rc.  ^ 

5.  Characteristic  dimension  of  the  body  for  convection  loss,  D. 

.Surface  area  of  the  body  in  contact  with  conducting  media,  Aj,  Ao, 

7.  Wetted  area  of  the  body  (W/^)  . 

Measurements  required  on  the  environment  are: 

2  Emttiviu"nf environmental  temperature,  T„. 

2.  Lmissivitj  of  tlie  environment  (nonpenetrating  infra-redf  e 

3.  Intensity  of  sources  of  radiant  light  in  the  environment  k  ' 

red  -i^ble  and  peneUating  infra- 

5.  Air  temperature  and  pressure  T  n 

6.  Air  velocity,  V  j  a»  . 

8.  Relative  humidity,  RH. 

9.  Temperature  of  conducting  medium,  Tj. 
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Kcluation  10a  is  greatly  simplified  for  the  nude  man  in  an  environment 
as  uniform  as  that  of  the  ealorimeter  in  the  Knssell  Sage  Institute.  It 
becomes  simply: 

II  =  5  3  (F,  —  Fell.)  4-  {W'n)  (Hs  —  Rll  Ivni.)  kf?.  cal./iii.^/lir.  (Kquatioii  Uta) 
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CHAPTER  4 


THE  REGULATION  OF  BODY  TEMPERATURES 


II.  C.  Razp:tt 


INTRODUCTION 

Research  work  carried  out  for  war  {)uri)oses  coutril)uted  little  to  the 
basic  })hysiology  of  thermal  regulation  in  man,  though  it  was  often  con¬ 
cerned  with  the  application  of  orthodox  theory  to*  i)ractical  problems. 
However,  in  the  course  of  such  apj)lications  data  were  accumulated  that 
were  not  always  explicable  by  current  theories;  some  required  modifica¬ 
tions  or  extensions  of  older  hypotheses.  Such  modifications  must  be  made 
for  the  present  mainly  on  theoretical  grounds.  Though  they  should  be 
established,  or  denied,  ultimately  by  direct  experiments,  in  most  cases  this 
as  yet  has  not  been  cari’ied  out.  It  is  jirojiosed  here,  therefore,  merely  to 
present  a  single  hypothesis  involving  the  mechanisms  of  thermal  control, 
to  jiresent  some  evidence  in  its  favor  and  to  integrate  it  as  far  as  possible 
with  the  observations  reported  in  detail  in  this  book.  It  is  hoped  that  this 
may  provide  a  framework  with  ])egs  on  which  the  various  observations 
ma\  )e  Ining,  and  one  which  may  be  capable  of  modification  and  redesign 
as  additional  knowledge  leads  to  greater  clarification.  The  simplified 
presentaDon,  pruned  of  controversial  discussions,  will  have  served  its 
purpose  if  It  succeeds  in  stimulating  experimental  investigation,  even  if 
t  iis  experimentation  ultimately  should  discredit  the  theories  advanced 
the  general  hypothesis  under  consideration  will  first  be  sketched  in 
outline.  Later  certain  sections  will  receive  more  detailed  attention  in  this 
chaptei,  while  others  will  be  amjilified  by  other  authors  elsewhere. 

OUTLINE  OF  AN  HYPOTHESIS  OF  HEAT  REGULATION 

The  Temperature  That  Is  Regulated.  Thermal  regulation  depe,Kl.s  on 
le  maintenance  ot  a  balance  between  heat  proilnction  and  heat  loss  Such 

!n::;iv:l:;’‘Zie’'‘n:r^ev:.:i  u 

tempemture  Is  therefor^  nii.^in,  ner''7?-'.""  tern,  body 

central  areas  inelniling  the  heart  Innes  d  t™>Peiatnro  of  deep 

temperature  of  the  re^t  of  the  bmlv  nmi,!'-  ""'"'i' 

tenanceof  a  normal  body  teinner  i'tnr .  ■  •  tl'"!  tlie  main- 

able  gains  or  losses  of  heat  with  neeitiv!.*  "  ith  consider- 
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The  balance  is  maintained  to  some  extent  by  control  of  heat  production 
blit  for  the  most  part  is  attained  by  regulation  of  heat  loss.  Part  of  this 
control  is  effected  by  allowing  iieripheral  areas  to  cool  or  warm,  so  that 
the  conditions  for  loss  of  heat  from  their  surfaces  arc  altered.  To  under¬ 
stand  fully  the  mechanisms  of  control  it  is  essential  to  know  the  level  of 
total  heat  production,  the  parts  of  the  body  in  which  this  heat  is  pro¬ 
duced,  the  thermal  conductance  controlling  movement  of  heat  within  the 
body,  the  degree  to  which  the  temperature  of  certain  areas  is  changed, 
thus  introducing  heat  capacity  effects,  the  mode  of  heat  loss  from  the 
surface,  whether  from  evaporation,  convection,  conduction,  or  radiation, 
and  the  parts  of  the  body  surface  mainly  involved,  as  well  as  the  environ¬ 
mental  conditions  affecting  loss  of  heat.  Only  with  such  information,  much 
of  which  is  still  incomplete,  is  it  possible  to  analyze  completely  the 
mechanisms  of  control. 

The  fact  that  peripheral  areas,  such  as  the  limbs,  are  allowed  to  cool  or 
warm  as  needed  must  modify  heat  loss  and  so  help  to  conserve  or  dissipate 
heat,  but  it  also  implies  the  presence  of  large  heat  capacity  effects.  Thus 
if  the  body  be  exposed  to  cold,  the  surfaces  of  the  arms  and  legs  may 
show  a  marked  fall  of  temperature.  The  consequent  reduction  in  the 
temperature  difference  between  the  skin  and  the  environment  can  greatly 
reduce,  or  even  obliterate,  the  original  exaggerated  heat  loss,  if  the  tem¬ 
perature,  to  which  the  individual  is  exposed,  is  not  too  low.  Thus  a  change 
of  an  environmental  temperature  from  a  level  of  32°  C.  (90°  F.)  to  20°  C. 
(G8°  F.)  may  increase  the  surface  to  air  thermal  gradient,  for  the  hand, 
for  example,  from  35-32°  to  35-20°,  or  five  times.  However,  if  the  hand 
temperature  falls  to  21°  C.,  which  with  evaiiorative  losses  and  a  slowed 
blood  flow  is  by  no  means  improbable,  the  thermal  gradient  between  the 
skin  and  air  in  this  area  is  no  longer  increased,  but  actually  considerably 
reduced.  In  this  way  the  change  in  temperature  of  peripheral  areas  serves 

the  economy  of  the  body.  •  j  -u  * 

These  changes  in  surface  temperature  cannot  be  attained  without 

marked  changes  in  temperature  occurring  also  in  the  deeper  tissues  of 
the  limbs,  whether  fat,  muscle,  or  bone,  for  extreme  gradients  cannot  be 
maintained  in  tissue  which  has  only  a  moderate  capacity  for  insulation.  A 
large  thermal  gradient  cannot  be  established  across  a  small  distance, 
unless  the  heat  loss  is  great.  AVhile  heat  conservation  is  attained  m  the 
trunk  by  increased  tissue  insulation  with  a  steep  thermal  gradient  across 
the  fatty  subcutaneous  tissue,  the  layer  of  fat  available  m  areas  such  as 
the  hand  and  foot  is  usually  considerably  less.  There  the  thermal  gradients 
may  be  more  in  evidence  along  the  whole  length  of  the  limb.  The  in^^lj^tion 
Zfosimr  heat  loss  from  the  hand  and  foot  may  be  great  and  y^et  the 
thermal  Valient  even  between  the  surface  and  the  bone  be  low.  In  this 
case  the  thole  hand  or  foot  has  been  allowed  to  cool;  the  mam 
is  developed  along  the  length  of  the  limb.  The  peripheral  thermal  pacbent 
within  the  hand  or  foot  itself  can  be  low  only  because  the  loss  of  heat  has 

^^qtradjb^tment  tf  the  thermal  insulation  of  the  tissues  acts  as  the 

btaltTrl^l^to^d^ 
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flow  and  so  change  insulation,  but,  in  addition,  the  insulation  along  the 
long  axis  of  a  limb  may  be  varied  by  directing  the  return  flow  of  blood 
either  to  deep  venae  comites  or  along  superficial  veins,  as  will  be  shown 
later.  In  this  way  adjustable  thermal  gradients  can  be  set  up  between  deep 
central  areas  and  surfaces,  whether  located  centrally  or  peripherally.  The 
gradients  in  the  trunk  are  transverse  to  the  surface  and  may  extend  to 
depths  of  several  centimeters.  In  the  limbs,  where  cylinders  are  narrow 
and  great  depths  impossible,  the  transverse  gradients  have  a  smaller 
range,  but  large  gradients  exist  along  the  long  axis.  Flat  tissue  gradients 
in  both  directions  are  employed  to  raise  surface  temperature,  when  heat 
loss  is  difficult,  and  steep  tissue  gradients  with  low  surface  temperatures, 
when  otherwise  heat  loss  would  be  excessive.  Changes  in  these  gradients, 
particularly  in  those  along  the  axes  of  the  limbs,  result  in  considerable 
changes  in  heat  content. 

There  has  in  consequence  arisen  a  considerable  literature  attempting 
to  estimate  the  heat  debt,  whether  positive  or  negative,  under  various 
conditions.  The  possible  calculations  will  be  detailed  later.  Suffice  it  to 


state  here  in  outline  that  none  of  these  empirical  formulas  can  be  accurate 
even  in  a  single  subject,  if  they  are  expected  to  cover  both  conditions 
existing  in  the  heat  accompanied  by  cutaneous  vasodilatation,  and  those 
in  the  cold  accompanied  by  cutaneous  vasoconstriction.  The  formulas 
depend  on  the  weighting  of  rectal  and  average  surface  temperature  in 
estimating  mean  body  temperature.  The  thermal  gradients  observed  in 
the  tissues  under  conditions  of  vasodilatation  differ  so  much  in  contour 
from  those  accompanying  vasoconstriction,  that  no  single  formula  can  be 
expected  to  allow  more  than  the  crudest  comparison,  even  when  the 
application  is  limited  to  steady  states. 

When  the  environment  is  warm  and  the  vessels  are  dilated,  the  hands 
and  feet  are  as  warm  as,  or  warmer  than,  more  proximal  areas  of  the 
surface,  and  the  high  temperatures  of  deep  tissues  extend  almost  to  the 

?r,nfl™n"  If®  subcutaneous  tissues  ot  the  upper  parts  of  the  limbs  and 
trunk.  On  the  other  hand,  m  cold  skin,  with  its  accompanying  vasocon- 

to  lifboneT  Th  T  rT  '  '"'f  temperatures  extend  through 

e  bones.  Thus  the  therimal  contours  both  from  within  to  without  and 

•  so  from  centra  to  perijrheral  areas  are  quite  different  in  the  two  extreme 

eon  ht.ons.  Durmg  changes  from  one  condition  to  another  the  ?he  -3 

grar  lents  are  complex  and  errors  must  be  still  greater.  If  the  average  bodv 

r/r  f-™"*  t-eetal  aml  mln 
ILC  cemperatuie  ot  an  individual  immersed  in  water  wb^n  tbo  t 

L^ZliS:\^Lme‘same’wn3"  “ 

when  the  subject  is  nude  in  .'''‘Y",",!'  "ti'ized 

far  from  uniform.  A  fornrlda  luiZ, I  for  ‘  f- 

conditions  may  not  applv  well  tnV  rr  subject  under  given 

different  build  andZrcm, tent  W1 X’  t'l  '°f 

body  temperature  from  rectal  and  sin face^V’"  mean 

are  extremely  useful,  they  must  theief  temperature  measurements 
than  very  rough  approximations  tfo  f  "If  “ever  be  regarded  as  better 

Heat  Production  TrX  '  y  3  ''  r  "  PP'  I***)  ■ 

ne  energy  ,, reduction  can  be  estimated  approxi- 
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inatclv  from  the  oxygen  eonsuinption,  thougli  the  calorific  value  per 
liter  of  oxygen  varies  with  the  food  utilized  (fat,  protein,  or  carbohy¬ 
drate)  .  The  calorific  value  of  a  liter  of  oxygen  varies  from  4.()S()  kilogram 
calories  at  a  respiratory  (piotient  (for  fat)  of  0.707  to  one  of  5.047  at  a 
(piotient  (for  carbohydrate)  of  1.0.  Its  value  at  an  R.  (^.  0.8^2,  when  a 
mixture  ot  foods  is  being  utilized,  is  4.825  kilogram  calories.  When  the 
subject  is  at  rest  all  the  energy  (except  insignificant  amounts)  is  dissi¬ 
pated  as  heat.  While  running  on  an  incline,  work  is  done  lifting  the  body 
and  the  energy  value  of  this  work  is  calculated  and  subtracted  from  the 
total  energy  to  determine  apj)roximately  the  heat  liberated  internally.  In 
work  on  a  bicycle  ergometer  considerable  energy  is  obviously  expended 
generating  heat  in  the  brake,  which  must  be  subtracted  from  the  total 
energy  exchange  to  determine  internal  heat  production. 

If  a  sul»ject  takes  muscular  exercise,  such  as  running  on  the  level, 
where  no  obvious  external  work  is  accomplished,  it  is  generally  assumed 
tliat  the  heat  liberated  within  the  body  is  identical  with  the  total  energy. 

.\nv  heat  liberated  under  these  conditions  outside  the  bodv  is  considered 

«  *■ 

negligible,  as,  for  example,  in  friction  of  the  shoes  on  the  ground.  It  is 
(piestionable  whether  this  external  heat  is  always  so  negligible.  Thus,  for 
instance,  if  a  subject  takes  violent  exercise  while  dressed  in  heavy  clothing, 
the  body  movements  may  be  considerably  hampered  not  only  by  the 
weight  of  the  clothing  but  also  by  friction.  In  work,  therefore,  the  amount 
of  heat  generated  in  the  body  must  be  always  less  than  the  total  energy 
exchange;  the  difference  may  be  small  and  negligible,  but  in  many  cases 
the  magnitude  of  this  difference  is  not  exactly  known. 

(Quantitative  thought  is  made  difficult  by  the  different  scales  com¬ 
monly  used  by  engineers  and  physiologists.  For  this  reason  the  use  of  a 
physiological  unit,  the  met,  has  been  suggested.  This  merely  expresses 
heat  j)roduction  in  terms  of  a  normal  resting  (not  basal)  value  ()f 
50  kg.  cal./m.Vhr.  in  the  metric  system  and  18.5  RTT/ff-"  hr.  in  Rritish 
thermal  units.  Values  are  given  here  commonly  in  met  units,  as  ^yell  as  in 
the  metric  system,  to  sim|)lify  comparisons.  Data  of  Table  8  indicate  the 
immense  variations  in  heat  production  which  may  be  exj)erienced,  and 
which,  with  the  excej)tion  of  condition  (e) ,  can  all  be  maintained  undti 
suitable  conditions  without  loss  of  thermal  balance. 

The  locality  of  heat  production  varies  greatly  between  rest  and  work. 
M  rest  it  may  be  calculated  (for  details  see  later)  that  the  heat  liberated 
in  the  mmscles  of  the  jieripheral  ti.ssues  is  considerably  less  than  ().2  met. 
The  heats  liberated  in  the  trunk  in  the  combined  work  of  respiration  and 
circulation  and  in  the  brain  may  be  considered  0.1  and  0.2  met  re.spectivdy, 
while  the  remainder  of  0.5  met  may  be  attributed  mainly  to  the  glandulai 
activities  of  the  liver,  and  inte.stines.  Some  80  per  cent  or  more  of  the 
total  heat  is  thus  formed  centrally  ami  must  be  di.ssipated  a  (hstant 
surfaces.  During  miiscnlar  work,  such  as  that 
.sonic  8.4  inets  may  appear  as  internally  generated  hea  .  k  .j. 
tl,e  nervous  tissues  is  likely  lu  euutiuue  will,  lilUe  ehauKe,  ‘">'1  * 

resuiraturv  and  cireulatury  work  may  he  mereaseil  pussih  y  lo  l..i  mil. 
Chauses  iu  cireulatiou  a,-e  likely  t„  impose  a  re.l.ietiou  m  ^ 

i„  thcMilHlomiual  area  with  a  possible  le.luctiou  to  perhaps  il.i  nut. 
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remaining  ^2.0  mets,  or  77  per  cent  of  the  total,  would  be  generated  as  heat 
in  jieripheral  muscles  close  to  the  skin  surfaces.  The  arterioles  sii|)plying 
the  skin  jiierce  the  muscles  and  their  relationships  to  venous  channels 
and  the  probable  imiiortance  of  such  anatomical  organization  to  therriial 
sensation  will  be  discussed  in  detail  later.  In  any  case  a  perijiheral  locality 
for  the  major  heat  jiroduction  must  greatly  facilitate  heat  loss. 

The  conditions  under  {e)  are  given  as  an  example  of  an  extreme  state, 
though  they  are  not  analyzed  readily.  In  a  race  the  winner  relies  for  his 
final  effort  partly  on  anaeroliic  metabolic  changes  and  sets  up  an  oxygen 
debt,  which  is  paid  back  in  metabolism  after  the  race.  He  also  generates 
part  of  the  heat  after  the  race,  so  that  he  also  utilizes  a  heat  debt.  In  the 


T.\ble  3.  Energy  Exchange  of  Man  Relative  to  His  Surface  Area  in  Various  Scales 
AND  THE  .Absolute  V'alites  for  a  Hypothetical  A’oung  Man  Weighing  03  kg.  (139 
LB.),  Height  178  cm.  (5'1()")  and  Surface  .Area  of  1.8  .\i.2  (19.4  Square  Feet) 


Metabolic  Levels  Rela¬ 
tive  to  Surface  .Area 

.Absolute  \'alue.s 

Physiologic 

Scale 

inets 

Aletric 
Scale 
kg.  cal./ 
in.^/hr. 

Aletric 
Scale 
kg.  cal. 
hr. 

Internal 
Heat 
Produced 
kg.  cal. /hr. 

On  ('on- 
suniption 
in  l./iniii : 

-  RQ, 

0 . 82 

(a)  Basal . 

0.8 

40 

72 

72 

0  "’5 

(6)  Resting . 

1  () 

50 

90 

90 

0  31 

(c)  \^alking  ("2.8  in.p.li.) .  .  . 
{d)  Walking  (3.5  m.p.h.  on 

2 . 55 

127 

228 

228 

0  79 

2.5%  incline) .  .  . 

(e)  Record  heavy  work  (2- 
mile  race  for  world 

3 . 8 

189 

340 

300 

1  18 

lecord) . 

1 

17.2 

800 

1.550 

1.550* 

5  3.5* 

ny  multiplying  t,y  the  factor  3.98. 
Irom  kg.  ™l./,„.Vhr.  to  HTl7tt.Vlir.  I,y  ,milt.i>lyi„g  I,y  raolor 

'7,yl£lVu';''l.l°  "■»"»  1>.V  n,ulliplyi,.g 

“  Actually  auci,  an  individual  woul.l  la-  working  under  conditions  producing  „„  oxygen  del,t. 

example  given  the  prohahle  oxygen  intake  coultl  he  pfcl'ctetl  an,l  wna 
that  indicated  in  the  table  The  aetml  i  ^  ‘ 

Si-eater.  and  tl.e  appare, d  tnecha^a  offi  ^ 

exaggerated  Error  ex  s  tl  ,n7  """I'l  '>e 

senerated,  with  the  e'ti  .a  i  oo  In 

too  stnail  front  negleet  of  .;,,a:::h'i:'f,:eO;;:,  “tf""' 

anisnns  oVtarit''!,nkjngTJ|';,'r  ."p  "»  the  nteelt- 

h.erea.,e,l  heat  pr,,d,,rti„,;  ntav  tie  1,  f'  <'»'  «  L.lanee,  Stteh 

involuntary  sliivering  The  latter  '  •  inovement.s  or  on 

U  latte,  may  tnerease  resting  I, eat  protlnetions 
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to  levels  of  1.1  and  1.2  niets,  even  when  mild  shivering  movements  are 
hard  to  detect;  with  moderate  or  mild  stimulation  shivering  is  obvious, 
but  spasmodic;  in  violent  stimulation  continuous  shivering  with  an  energy 
value  of  5  or  0  mets  may  develop.  Such  responses  arc  described  in  detail 
in  a  later  chapter. 

Reduction  of  heat  production  cannot  be  utilized  in  adaptation  to  heat, 
except  to  a  slight  extent,  for  reduction  below  basal  levels  is  not  possible. 
However,  basal  metabolism  may  be  gradually  reduced  some  5  to  10  per 
cent,  and  be  restored  to  a  normal  value  during  reacclimatization  to  normal 
conditions.  It  is  uncertain  whether  it  can  be  increased  above  normal 
values  under  cold  conditions.  Reduction  or  increases  in  basal  metabolism 
seems  to  be  paralleled  by  a  similar  small  change  in  resting  metaliolism. 
The  reduction  in  basal  metabolism  in  hot  conditions  appears  beneficial, 
for  maladjustment  to  tropical  conditions  was  found  to  be  common  in 
female  nurses  in  tropical  areas  of  the  Pacific  who  failed  to  show  a  reduc¬ 
tion  in  basal  metabolic  rate  (personal  communication  by  Dr.  Richard 
Kern) .  For  further  details  of  the  regulation  of  heat  production  see  pages 


13(5  to  144. 

Heat  Loss.  Thermal  equilibrium  is  only  attainable  if  the  environment 
is  capable  of  accepting  the  heat  generated  by  the  body  without  necessitat¬ 
ing  a  rise  in  body  temperature  above  physiological  limits.  Direct  transfer 
of  heat  from  the  surface  to  the  environment  will  vary  with  the  effective 
difference  in  temperature  and  the  insulating  value  of  the  air  or  other 
means  of  contact  between  them.  Direct  transfer  of  heat  becomes  impos¬ 
sible  if  the  temperature  of  the  environment  rises  above  the  allowable 
upper  limit  of  mean  surface  temperature.  Indirect  transfer  of  heat  energy, 
however,  is  still  possible  if  the  environment  is  able  to  accept  water  vajior, 
so  that  energy  may  be  dissipated  in  the  latent  energy  of  vaporization. 
Such  transfer  of  heat  energy  demands  a  water  acceptance  capacity  m  the 
environment,  and  no  such  transfer  can  take  place  if  the  water  vapor 
tension  of  the  environment  rises  above  that  obtainable  on  a  completely 
wet  skin  at  the  allowable  upper  limit  of  mean  surface  temperature.  Ihe 
upper  limit  of  mean  surface  temperature  at  rest  may  be  considered  a,s 
36°  C.  The  absolute  limits  for  environmental  conditions  at  which  heat  is 
no  longer  accepted  for  normal  physiological  conditions  at  rest  are  therefore 
36°  C  (97°  F.)  and  a  water  vapor  tension  of  ^5  mm.  Ilg.  Actually  both 
these  limits  cannot  l)e  attained  togetlier,  for  gradients  must  exist  to  allow 


heat  transfer  to  continue.  +1  i  1,, 

The  physical  factors  concerned  in  this  heat  transfer  rom  the  body  to 

the  environment  are  considered  in  Chapter  * 

concerned  with  modifying  the  conditions  tor  this  triiiisfer.  this  can  he 
achieved  by  (1)  alterations  in  the  mean  temperature  of  the  surface  (2) 
changes  in  the  pattern  of  heat  distribution  on  the  surface,  which  in  ellect 
alter  the  insulating  value  of  the  air,  ami  (3)  alterations  in  the  conditions 
of  the  body  surface  affecting  losses  by  radiation,  convection,  and  esp 

xt  meartempl^^^^^^^^  of  the  surface,  if  raised,  ^ 

tnre  difference  between  the  surface  and 

conditions  of  heat  loss  and  vice  versa.  At  any  given  rate  of  heat  transfer. 
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however,  no  such  increase  in  surface  temperature  is  possible  without 
either  an  increase  of  deep  body  temperature  or  a  reduction  of  the  thermal 
insulation  of  the  tissues,  since  the  gradient  varies  directly  with  the  rate 
of  heat  transfer  and  the  thermal  insulation  of  the  tissues.  The  normal 
range  of  this  internal  insulation  for  a  man  at  rest  appears  to  lie  between 
0.1  and  0.8  do  unit*  of  insulation.  At  a  resting  heat  production  of  1  met 
these  insulation  values  imply  that  the  maximal  average  surface  tempera¬ 
ture  attainable  luithout  change  in  deep  body  temperature  is  about  36°  C. 
(97°  F.)  and  the  minimum  about  30°  C.  (86°  F.) .  Such  adjustments  in 
surface  temperature  are  very  valuable  in  control  of  body  temperature  at 
moderate  levels  of  environmental  temperature,  but  are  of  little  value  in 
exposure  to  extreme  cold.  The  heat  loss  to  an  environment  of  — 40°  C. 
( — 40°  F.)  is  little  affected  by  a  change  of  surface  temperature  from  35 
to  30°.  The  reduction  in  heat  exchange  thus  effected  would  only  be  one 
of  some  7  per  cent.  Nor  is  the  adjustment  of  great  value  in  extreme 
warmth.  Thermal  insulation  is  decreased,  and  heat  is  transferred  more 
rapidly  throughout  the  body.  While  this  gives  some  protection  against 
local  burns,  it  exaggerates  the  danger  of  hyperpyrexia.  However,  it  may 
be  noted  that  the  initial  response  to  a  local  hot  stimulus  is  vasoconstric¬ 
tion.  This  will  be  discussed  later. 

The  heat  loss  to  the  environment  is  also  modified  by  the  pattern  of 
heat  distribution,  which  helps  to  determine  the  effective  insulation  of  the 
air.  This  insulation  is  less  for  cylinders  of  small  than  for  those  of  large 


j\  rise 

of  skin  temperature  in  the  fingers,  toes,  hands  or  feet  is  therefore  more 
effective  in  promoting  heat  loss  than  similar  increases  in  other  areas.  The 

npn  nil  fir'll  llmKc  urUL  _ i_j.! _ i  i 
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IK) 

across  the  thin  layers  of  snl)eutaneoiis  tissue.  Blood  supplying  the  hand 
or  foot  can  he  subjected,  as  needed,  to  the  cooling  effect  of  blood  returning 
from  the  j)eriphery  in  venae  eoinites,  which  in  the  limbs  usually  lie  on  both 
sides  ot  the  artery  and  have  anastomosing  branches  which  cross  it.  Con¬ 
sequently  the  arterial  blood  may  be  cooled  through  at  least  10  or  1.5°  (’. 
before  it  reaches  the  hand  or  foot.  The  heat,  which  it  has  lost,  is  ntili/A'd 
to  warm  the  returning  venous  blood;  the  exchange  of  heat  is  one  of  internal 
economy.  This  principle  allows  the  tissue  to  be  supplied  with  cooled  blood. 
It  i)ermits  evaporative  loss  in  the  peripheral  area  of  a  limb  to  eontinne  at 
a  low  level,  while  direct  loss  of  heat  in  the  same  area  is  immensely  reduced. 
In  eonse(pience  conditions  are  not  uncommon  in  which  the  snrfaee  tem¬ 
peratures  of  the  hand  and  foot  are  almost  identical  with  that  of  the 
environment. 

'File  third  method  of  adjustment  involves  alterations  in  the  body  snr¬ 
faee  and  the  conditions  for  heat  exchange.  The  effective  area  of  the  body 
snrfaee  may  be  increased  by  spreading  the  limbs.  This  method  of  control 
is  ])artienlarly  in  evidence  in  eats  but  is  also  mneh  used  by  man.  The 
snbeonseions  reflex  adjustment  of  body  |)ostnre,  so  as  to  increase  or 
decrease  snrfaee  exposure,  is  apt  to  snri)rise  anyone  starting  to  make 
careful  observations  in  this  field.  (\)nveetive  losses  may  be  reduced  by 
limitation  of  air  movement  through  roughening  of  the  skin  and  erection 
of  hairs.  Both  changes  can  be  induced  by  ])ilomotor  activity.  Convective 
losses  may  be  increased  by  the  air  movement  generated  in  exercise,  and 
under  .some  conditions  the  gain  in  heat  loss  may  exceed  the  thermal  cost 
of  the  movements.  Evaporative  losses  may  similarly  be  increased.  Here 
the  main  control  in  man  is  carried  out  by  the  pre.sence  or  absence  of 
sweating.  All  of  these  in  effect  are  physiologically  induced  alterations  in 
the  effective  thermal  insulation  of  the  air. 

Heat  loss  by  evaporation  is  the  only  possible  method  of  heat  di.ssii)ation 
when  the  height  of  the  external  temperature  prevents  the  nece.s.sjiry 
transfer  of  energy  as  direct  heat.  Even  under  cold  conditions  e\apoiati\c 
heat  loss  does  not  cease.  In.sensible  perspiration  continues  and  some  active 
sweathig  on  the  hands  and  feet  may  also  occur.  I  his  local  s\\eating  is 
exaggerated  by  emotional  reactions  and  is  believed  to  .serve  the  jiiirpose 
of  maintaining  a  moist  epidermis  and  good  tactile  discrimination.  Insen¬ 
sible  water  loss  probably  depends  on  the  direct  filtration  ()f  ffn id  from 
the  capillaries  of  the  skin  through  the  dermis  and  epidermis.  This  woiih 
aeeonnt  for  the  ob.served  close  relationship  between  the  insensible  loss  ()t 
water  and  the  total  heat  exchange.  Normally  the  heat  lost  by  evaporation 
of  water  is  .some  *^4  |.er  cent  of  the  total  resting  heat  loss  m  the  absence 
of  active  sweating;  of  this  loss  some  14  i)er  cent  ot  the  total  lo.ss  oeenis 
from  evaporation  from  the  skin,  and  10  per  cent  from  the  re.spira  ory 
tract.  Anv  increase  or  decrease  in  bhxxl  flow  can  be  expected  to  afleet 
similarlv  heat  flow,  water  filtration,  and  the  surface  temperature  of  le 
skin,  which  determines  vapor  tension.  Insensible  wafer  lo.s.s  i.s  not  lea.h 
reduced,  except  in  so  far  as  the  whole  eireiilation  to  the  .skin  is  cmlailcd. 

•nid  results  in  a  fall  of  snrfaee  temperature. 

The  use  of  aetive  sweatiriR  as  a  means  of  eoohug  on  exposure  lo  luA 
temperatures  is  eousi.lere,!  in  .letail  in  other  el.ai.lers,  I  he  nervous  meeh- 
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aiiisms  concerned  will  be  mentioned  later.  When  the  skin  is  completely 
wetted  by  sweat  it  is  probable  that  insensible  persi)iration  from  the  skin 
ceases.  The  water  vapor  tension  on  the  skin  surface  everywhere  should 
approach  that  obtaining  deep  in  the  tissues  outside  the  capillary.  N<) 
tension  gradient  would  exist  to  cause  movement  of  water  molecules.  If 
the  body  surface  is  very  warnT"’  slight  diffusion  of  water  may  even  occur 
in  the  opposite  direction  since  the  water  vapor  tension  of  the  dilute  salt 
solution  that  constitutes  sweat  is  higher  than  that  of  an  ultra-filtrate  of 
blood,  if  the  temperatures  are  the  same. 

The  existence  of  considerable  individual  variability  in  reactions  to  tern- 


reported,  i)rol)ably  correctly,  that  young  children  growing  up  in  hot 
climates  develop  sweat  glands  in  larger  numbers  than  those  found  in 
subjects  developing  in  cooler  climates.  A  sallow  skin  in  white  subjects  is 
also  commonly  associated  with  continued  existence  in  a  hot  climate.  One 
might  anticipate  that  a  red  skin  would  be  associated  with  a  fast  circula¬ 
tion  in  the  skin  and  increased  heat  loss,  but  the  opposite  is  often  true. 
The  color  of  the  skin  depends  mainly  on  the  blood  in  venules, a  highly 
colored  cool  skin  is  common  in  a  cat’s  i)aw  with  a  slow  blood  flow,^*^  the 
highly  colored  skin  of  the  lips  is  not  associated  with  great  local  heat  loss. 
Increased  venous  blood  in  the  skin,  acting  as  a  shield,  might  readily 
decrease,  rather  than  increase,  radiation.  Quantitative  estimates  of  indi¬ 
vidual  and  racial  differences  are  badly  needed.  For  further  details  on  the 
regulation  of  heat  loss  see  pages  144  to  155. 

Exercise  and  the  Regulation  of  Thermal  Balance.  Exercise  not  onlv 
modifies  heat  production  but  also  heat  loss.  Owing  to  the  active  move¬ 
ments  there  is  increased  air  movement  across  the  skin,  so  that  both 
convective  and  evaporative  heat  losses  are  aided.  The  thermal  insulation 
o  the  tissues  can  also  be  lowered  to  values  one  half  or  one  third  of  the 
minimum  attainable  at  re.st,  (i.e.,  to  do  values  of  O.O.S  to  0  05)  This 
change  probably  depends  on  the  generation  of  most  of  the  heat  in  the 
pen, ,lier.v  close  ,o  the  skin  as  already  desciihed.  The  exercise  itromotes 
enoiis  return  by  the  muscular  |)ump,  so  that  moderate  dehydration  and 
eduction  in  I, loo, I  voli.ine  ,„ay  be  less  serio.is  di,rii,g  exercise  f,  ,,  a 
rest  lollowiiig  exercise.  Yet,  in  spite  of  these  eased  cmiditions  fo  e‘ 
loss,  deep  body  temperature  normally  rises  * 

where  controls  ))reBk  down  i  *  ^  -  I  nt  the  cxtienies, 

of  a.ljiisted  regiilatioii.  The  iiew  I'AXirVttllli^rlhri'""**  l’^ 

nsiially  only  after  one  half  to  three  (piarters  of  h  '' 

reiuaiiis  relatively  iiniform  throiiehont  tl  '  ^  "‘*''"'‘'<1  it 

Nielsei.-<  rectal  ieni.ien  t ur  e"el  o  s  to' 
are  attained  at  a  loa,!  needing  I  it  j  ’  ***''^° 

to  C.  (101.7  to  iff!  r  F  •'>'>'1  levels  of 

oxygen  per  minute.  "  '  ^  needing  .S  liters  of 
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The  rise  in  temperature  during  work  presumably  assists  the  perform¬ 
ance  of  the  work.  The  best  times  in  races,  both  of  men  and  horses,  are 
attained  in  warm  ratlier  than  in  cold  weather,  except  for  races  involving 
extreme  endurance.  “Warming  up”  is  recognized  as  beneficial  before  a 
race.  The  increase  in  deep  temperature  permits  surface  temperatures  also 
to  rise,  so  that  heat  may  be  lost  at  less  load  on  the  circulation,  or  more 
heat  may  be  lost  at  the  maximal  load.  The  rise  in  temperature  must  be 
greatest  in  the  muscles,  and  this  rise  should  facilitate  chemical  processes, 
if  injurious  levels  are  avoided.  One  chemical  process  facilitated  is  dis¬ 
sociation  of  oxyhemoglobin.  During  a  3  mile  race,  completed  by  the  two 
main  comjietitors  in  less  than  fifteen  minutes  on  a  hot  day,  rectal  tempera¬ 
tures  exceeding  38.5°  C.  (101.5°  F.)  were  observed  during  warming  up 
before  the  race  and  values  of  41.0  and  41.1°  C.  (105.8  and  100°  F.)  at  the 
conclusion  of  the  race  (personal  communication  by  S.  Robinson  on  data 
obtained  on  Lash  and  others) .  During  very  heavy  work,  such  as  is  at¬ 
tained  in  such  a  race,  thermal  balance  is  not  reached,  and  the  individual 
presumably  depends  on  the  safeguards  provided  by  his  heat  capacity. 
Even  so,  such  increases  in  temperature  to  extreme  limits  do  not  appear 
unphysiological  and  were  accomj)anied  by  no  aftereffects  in  the  cases  cited. 

Moderate  increases  in  rectal  tenij)erature  in  subjects  at  rest  in  a  hot 
environment  are  associated  with  considerable  discomfort  and  with  ineffi¬ 
ciency  in  mental  tasks.^^^  A  similar  rise  in  temperature  during  exercise  is 
associated  with  less  discomfort  and  no  evidence  of  mental  disability.  The 
cause  of  the  difference  is  unknown.  Speculation  might  emphasize  the 
known  rise  in  blood  pressure  and  marked  acidity  of  the  blood  which 
accompany  exercise,  which  should  favor  cereliral  blood  flow.  At  rest  a 
rise  in  temperature  may  be  associated  with  some  rise  in  blood  pressure, 
but  there  is  usually  hyperpnea,  loss  of  CO2  Rud  some  alkalosis,  which 
might  be  sufficient  to  cause  some  constriction  of  cerebral  vessels.  For 
further  details  on  regulation  during  exercise  see  pages  134  to  136. 

Regulation  of  Heat  Balance.  The  regulation  of  heat  balance  is  at¬ 
tained  through  the  activity  of  the  central  nervous  system,  though  other 
mechanisms  may  play  a  subsidiary  role.  There  appear  to  be  nervous 
centers  in  the  hvpothalamus  concerned  in  protection  against  both  over¬ 
heating  and  overcooling.  They  react  rcHexly  to  sensory  impressions 
derived  from  thermoreceptors  and  are  also  affected  by  the  temperature 

level  of  the  brain  stem.  ^  1  i  ii  1 

I'eriiihcral  vasoconstriction  induced  reflexly  in  response  to  cold  throngli 

sncli  nervous  eenters  can  slow  blood  How  and  allow  the  temperature  even 
in  mellium  sized  arteries  to  fall  to  levels  of  20  to  30»  C  The  temperatures 
reaehed  in  peripheral  arterioles  must  often  be  much  lower  A  vasocon¬ 
striction  which  may  have  been  induced  initially  through  rellex  reaetions, 
may  be  continued  by  the  direet  effects  of  the  low  teinperatiires 
I'reiliminary  data  on  this  subject  arc  beginning  to  be  made  aval  able,  .  s 
the  result  of  experiments  in  which  excised  hmhs  have  been  perfused  at 
different  temperatures.'^*  Marked  constriction  of  cutaneous  and  dilatation 
of  deep  vessel's  is  induced  under  such  circumstances  by  cold  in  the  absence 
o  a^y  rcHex  Ld,anism  higher  than  an  axon  rellex.  The  mereased  j.st- 
ance  U  much  greater  than  can  be  ascribed  to  mereased  viscosity  of 
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blood  on  cooling,  though  this,  too,  plays  its  part.  At  temperatures  of 
20°  C  the  character  of  blood  is  greatly  altered;  the  dissociation  ot  water 
and  of  electrolytes  is  reduced,  the  pH  of  plasma  is  increased  to  values  ot 
about  7.6,  CO2  tension  is  lowered,  even  if  the  CO2  content  of  the  blood 
remains  unchanged,  and  dissociation  of  oxyhemoglobin  is  hindered.  It  is 
not  known  whether  any  of  these  changes  have  direct  effects  on  the  vessels. 
In  any  case,  once  induced,  the  vasoconstriction  is  not  readily  reversed, 
for  the  slow  flow,  relatively  poor  thermal  conductance,  and  large  heat 
capacity  effects  hinder  any  rapid  recovery. 

In  long  term  adjustments  to  temperature  alterations  endocrine  activity 
of  pituitary,  thyroid  and  adrenals  may  be  involved.  In  animals  thyroid 
activity  is  reduced  in  the  summer  and  increased  in  the  winter.  The  changes 
are  said  to  be  dependent  on  alterations  in  the  secretion  of  the  thyrotropic 
hormone  by  the  pituitary,  induced  by  nerve  impulses  reaching  the  gland 
through  the  stalk. 

The  thyroid  changes  have  not  been  demonstrated  with  certainty  in 
man  who,  however,  rarely  exposes  himself  to  extreme  cold.  Decreases  in 
the  basal  metabolic  level  are  described  in  hot  climates  and  these  may  be 
dependent  on  a  decreased  activity  of  the  thyroid. 

Body  temperature  levels,  as  well  as  thermal  control  in  general,  may 
also  be  affected  by  limitations  imposed  by  extraneous  circumstances.  Thus 
vascular  reflex  reactions  to  hemorrhage  and  dehydration  are  modified  by 
the  thermal  conditions  to  which  the  individual  is  exposed.  Presumably 
some  slight  change  of  this  sort  is  responsible  for  the  slight  but  remarkably 
definite  rise  in  central  body  temperature  that  normally  accompanies 
ovulation  in  women.  Though  it  may  be  masked  by  the  action  of  other 
factors,  this  change  is  not  only  well  established  but  of  proven  diagnostic 
value.  The  mechanisms  involved,  however,  remain  unanalyzed. 

Nervous  Control.  In  the  higher  mammals,  probably  including  man, 
there  is  no  doubt  that  the  main  centers  concerned  in  heat  control  are 
situated  in  the  hypothalamus.  If  the  brain  stem  is  divided  below  this 
level,  some  reactions  to  temperature  may  still  be  obtained  but  coordinated 
contiol  is  absent.  There  is  abundant  evidence  that  the  nervous  mechan¬ 
isms  in  the  hypothalamus  are  grouped  in  two  separate  areas;  one  of  these 
lies  m  the  posterior  region  of  the  hypothalamus  close  to  the  corpora  mam- 
millaria,  and  the  other  lies  more  anteriorly  between  the  optic  chiasma  and 
anterior  commissure.  The  more  posterior  of  these  two  half  centers  appears 
to  be  concerned  with  in-otection  against  cold  and  its  activity  induces 
cutaneous  vasoconstriction  and  shivering.  The  reactions  cause  a  rise  in 
1  ectal  and  fall  m  surface  temperature.  It  acts  to  promote  and  control  heat 
conservation.  The  activity  of  the  more  anterior  center  is,  on  the  oZv 
hand,  mainly  concerned  with  the  prevention  of  overheating;  activitv  of 
^  s  center  induces  panting  in  animals  and  is  probably  concerned  with 

rmut  rr  sweating  in  man.  It  serves  to  promote  and 

contiol  heat  dissipation.  Ihere  is  reason  to  believe  that  both  bnlf  \ 

The  effect  of  nervous  impulses  on  these  two  centers  is  not  precisely 
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known.  1  lesiiniably  nerve  fillers,  carrying  sensations  of  cold,  send  branches 
to  the  cells  of  the  posterior  center,  and  iinpnlses  so  derived  stimulate  the 
center  to  activity.  Ihe  same  nerve  fibers  {lossibly  give  collaterals  to  the 
more  anterior  center  and  inhibit  its  activity.  Inhibition  of  one  center  by 
the  other,  whenever  it  was  active,  wonld  induce  the  same  effect.  The 
action  of  fibers  carrying  sensations  of  warmth  wonld  be  likely  to  act 
similarly  on  the  anterior  center.  In  this  way  the  two  centers  might  main¬ 
tain  a  balance  which  wonld  vary  according  to  the  predominance  of 
peripheral  sensations  of  cold  or  warmth.  A  normal  sensation  of  comfort 
wonld  be  attained  when  these  sensations  balanced.  Such  a  mechanism 
wonld  be  admirably  ada[)ted  to  allow'  rapid  adjustment  of  the  individual 
to  a  changing  environment,  liefore  the  body  temperature  itself  had  time 
to  alter.  It  would  be  quite  incapable  of  maintaining  the  body  temperature 
at  a  constant  level.  Ilow'ever,  there  is  abundant  evidence  that  the 
hypothalamus  is  itself  sensitive  to  changes  in  its  own  temperature.  An 
increase  in  temperature  tends  to  induce  sweating  and  vasodilatation  and 
a  decrease  to  induce  shivering  and  vasoconstriction.  These  direct  effects 
of  teinjicratnre  would  be  explicable  if  the  optimal  temperature  for  activity 
of  the  center  causing  shivering  and  vasoconstriction  were  somewhat  below 
the  normal  body  temperature  of  37°  C.,  and  if  the  optimal  temiierature 
for  the  activity  of  the  anterior  center  were  somewhat  above  this  level. 
.\ny  increase  in  the  temperature  of  the  brain  would  then  exaggerate  the 
activity  of  the  anterior  center  and  depress  that  of  the  posterior  center, 
while  any  fall  of  temperature  would  iiroduce  exactly  the  opposite  effect. 
In  this  way  an  interaction  of  the  changes  in  the  temjierature  of  the  center 
itself  couhi  combine  w  ith  sensations  from  the  periphery  to  produce  a  very 
exact  control,  such  as  that  which  is  observed.  There  is  considerable  evi¬ 
dence  that  some  such  balance  exists;  this  will  be  considered  hi  ter. 

The  nervous  mechanisms  of  control  fail  if  their  capacity  of  adjustment 
be  exceeded.  Thus  if  the  body  temperature  falls  on  extreme  exposure  to 
cold,  shivering  is  decreased  when  the  rectal  temperature  falls  below'  about 
30°  C.  (00°  F.)  .  The  activity  of  the  center  for  protection  against  cold  is 
apparcntlv  depressed  at  such  temperature  levels,  which  presumably  are 
below  the  optimal  value  for  this  center.  At  rectal  temperatures  of  27  tc) 
30°  C'  (80  to  80°  F.)  shivering  reactions  may  fail  altogether,  particulaili 
if  other  stimuli  are  absent  and  the  individual  becomes  sleepy.  At  tem¬ 
peratures  below  27°  C.  (80°  F.)  cardiac  excitation  is  apt  to  become 
abnormal,  respiration  is  also  depressed  and  the  condition  is  very  dan- 

^  If  the  body  temperature  rises  as  the  result  of  inadequate  loss  of  heat, 
sweating  continues  violently  unless  this  mechanism  becomes  exhausted. 
However,  any  increase  in  average  body  temperature  increases  the  resting 
metabolic  rate  bv  the  increase  in  activity  of  chemical  reactions  in  general. 
The  increase  follows  a  logarithmic  curve  such  that  the 
would  be  increased  some  2.3  to  2.<)  times  for  an  increase  of  10  C.  I  t 
.-alio  of  the  rate  of  heat  production  at  any  ,uven  temperature  »  t  . 

observe,!  at  a  ten.perature  of  lo;  C,  o  o^Tl.e  effee 

cl.aiiKe  in  metabolism  is  said  to  I.e  m  man  I.etrveen  i.3  and  ...1. 1  e  ettte 

of  an  increase  tro.n  a  mean  body  temperature  ol  35.5  to  one  of  30.5  C. 
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(as  might  occur  if  the  rectal  temperature  rose  from 
calculated  then  as  follows: 


117  to  40°)  might  be 


log  Q:o 


10 

39 . 5-35 . 5 


(log  K2 


Ki) 


where  K2  is  the  rate  of  heat  production  at  the  higher  and  Ki  that  at  the 
lower  temperature.  If  be  considered  1  met,  then  the  heat  production  at 
the  higher  temperature  is  1.4  to  1.5  met.  Such  a  marked  increase  in  heat 
production  may  be  impossible  to  balance  by  an  increased  heat  loss  in  a 
hot  environment  where  heat  loss  is  difficult.  In  such  a  case  a  vicious  circle 
is  set  up,  and,  unless  it  be  broken,  death  can  readily  occur  from  hyper¬ 


pyrexia. 

The  upper  limit  of  temperature  for  survival  is  probably  one  of  about 
42°  C.  (108°  F.)  for  the  brain  temperature.  During  rapid  changes  this 
temperature  eannot  necessarily  be  estimated  from  that  of  the  rectum. 
However,  long  continued  temperatures  of  41°  C.  (106°  F.)  appear  to  be 
dangerous  and  the  upper  limit  of  safety  for  brain  temperature  may  be 
below  42°.  At  such  temperatures  the  circidation  is  apt  to  fail.  The  brain 
has  normally  a  large  metabolism;  the  rectum  lies  close  to  pelvic  muscles; 
probably  at  failure  sometimes  the  rectal  and  sometimes  the  brain  tem¬ 
perature  may  be  higher.  For  further  discussion  see  jiages  155  to  163. 

Mechanisms  of  Nerve  Receptors.  Mechanisms  of  nerve  receptors  for 


temperature  demand  some  attention  since,  on  the  hypothesis  presented, 
they  represent  a  dominant  factor  in  the  control  of  heat  exchange.  There 
is  general  agreement  that  the  reactions  of  the  receptors  for  heat  and  cold 
are  not  dependent  on  the  actual  level  of  the  skin  temperature.  It  is  often 
assumed  that  they  reaet  to  changes  in  temperature  and  there  is  no  doubt 
that  their  activity  is  greatest  when  temperatures  are  altering  rapidly.  On 
the  other  hand  suppose  that  a  limb,  such  as  a  single  arm  or  leg,  be  im¬ 
mersed  in  warm  water  which  is  maintained  by  careful  regulation  at  an 
exact  temperature,  for  instanee,  40°  C.  The  limb  may  be  left  in  this  water 
for  hours  on  end  and  sensations  of  warmth  will  continue  throughout  that 
tune,  provided  that  the  individual  is  able  to  lose  enough  heat  from  other 
parts  of  the  body  so  that  the  body  temperature  does  not  rise.  One  cannot 
explain  a  sensation  of  warmth  maintained  for  hours  as  due  to  the  rate  of 
c  iange  m  temjierature  in  the  limb,  since  all  the  evidence  indicates  that 
le  i-emams  in  a  steady  state  as  soon  as  initial  stages  of  warming  are 
over.  If  he  .nd.vKloal  removes  the  arm  from  the  water  and  reinsert;  it 
into  another  l)ath  at  a  somewliat  lower  level,  say  39°,  the  temperature 
o  t  le  water  may  at  first  appear  neutral,  but  after  a  while  the  sensation 

e= 

fi^nrs 

temperatnre  continne  indefinitely.  With'  atHnan' imm:!;;:; in^w;"";  .w 
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40  the  surface  teniperature  is  niaintaiiiod  at  tliis  level;  blood  flows  rajiidly 
through  the  vessels,  is  warmed  to  a  temperature  above  37°,  but,  with  its 
rapid  motion,  the  blood  is  not  exposed  long  enough  to  attain  even  approxi¬ 
mately  a  temj)eraturc  of  40°  C.  Tem])erature  sensations  therefore  con¬ 
tinue.  If  the  surface  temperature  is  then  dro|)ped  to  39°  by  immersion  in 
another  bath,  the  temperature  difference  between  the  skin  and  the  blood 
is  reduced  so  that  the  gradient  becomes  inadequate  for  stimulation  and 
sensations  of  warmth  cease.  After  a  short  time  at  a  lower  temperature 
the  tissues  cool,  the  blood  flowing  through  the  area  is  warmed  to  a  less 
extent  so  that  a  gradient  is  reestablished  and  sensations  of  warmth  return. 
\Mien  the  arm  is  put  into  cool  water  the  gradients  between  the  surface 
and  the  blood  are  the  reverse  of  those  obtaining  in  the  warmth  and  sensa¬ 
tions  of  cold  are  generated.  The  cold  itself  causes  reflex  vasoconstriction, 
and  the  reduction  of  blood  flow  allows  the  blood,  which  supplies  the  skin, 
to  be  cooled  to  a  greater  extent.  Ultimately  the  cooling  of  the  slowly 
flowing  blood  is  sufficient  to  reduce  the  gradient  to  a  value  below  the 
threshold  for  such  sensation,  and  sensation  ceases. 

Evidence  in  favor  of  this  spatial  gradient  hypothesis  for  receptor  stimu¬ 
lation  will  be  given  in  more  detail  later.  It  is,  however,  essential,  in  all 
considerations  of  temperature  control,  that  the  difficulties  of  explaining 
temperature  sensation  as  the  result  of  mere  temperature  levels,  or  of 
rates  of  change  of  temperature,  be  realized.  While  it  is  true  that  an  in¬ 
creased  rate  of  temperature  change  is  normally  associated  with  an 
increased  sensation,  this  same  change  is  normally  also  associated  with  a 
steepening  of  the  spatial  thermal  gradient,  which  is  adequate  to  account 
for  the  change  in  sensation. 

The  actual  recejitors  concerned  in  such  sensations  can  probably  be 
identified,  though  controversies  still  exist.  Their  relation  to  thermal 
gradients  and  to  vascular  organization  can  be  predicted  with  some  ])ossi- 
bility,  but  no  certainty,  of  accuracy.  The  discussion  of  these  points  may 
be  left  for  the  later  more  detailed  treatment  (pp.  1(53  to  175)  . 

Motor  Mechanisms.  Motor  mechanisms  in  nervous  regulation  of  heat 
balance  also  deserve  some  attention  even  in  this  initial  outline. 

NERVOUS  RESPONSE  TO  HEAT.  The  iiervoiis  res])onse  to  heat  involves 
cutaneous  vascular  dilatation  and  inhibition  of  normal  vasoconstiictoi 
tone.  Surface  veins  in  particular  become  dilated,  so  that  they  appear  to 
represent  the  main  path  for  return  of  venous  blood  from  the  ])eriphery. 
The  cooling  of  arterial  blood  in  transit  by  contact  with  venae  comites 
seems  to  be  in  abeyance,  or  at  least  to  be  minimized,  for  the  surface  tern- 
I,eratMres  at  tl.e  most  peri, , I, oral  |,oints  such  as  the  fi,.gers  ami  toes  m.^v 
closelv  approximate  that  of  the  rectum,  reaching  levels  above  3()  C.. 

(97°  F.)  and  sometimes  above  37°  C.  (98.(5°  E.) .  Blood  returning  m 
suTierficial  veins  along  the  forearm  loses  more  heat  in  transit  since  venous 
temperatures  at  the  elbow  are  fouu.l  to  be  lower  than  those  ,n  haml  ve.ns. 

The  vasodilatation  can  be  indneed  within  a  few  mmntes  of  ^i.so^' 
stimulation.  The  rcdi.stribntion  of  blood  thereb.v  caused  Hoods  the  deepe 
tissues  with  blood  which  has  becTi  cooled  while  iircyiousl.v  semistagnant 
areas,  so  that  there  is  an  initial  fall  of  rectal  temperatn  e 
The  vasodilatation  must  therefore  be  reflex  m  origin,  since  the  rect. 
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temperature  (and  presumably  that  of  the  brain)  may  be  falling  at  a  time 
when  skin  vasodilatation  is  much  in  evidence.  The  vasodilatation  may 
depend  partly  on  cholinergic  impulses  produced  by  nerves  of  the  posterior 
root  type  but  is  unlikely  to  be  limited  to  responses  of  the  axon  reflex  type, 
since  it  can  spread  to  more  distant  areas  not  subjected  to  stimulation. 
Probably  it  is  exerted  through  sympathetic  vasodilator  nerves,  though 
whether  adrenergic  or  cholinergic  is  uncertain.  In  any  case  it  is  claimed 
that  a  limb  with  normal  nerve  supply  can  show  dilatation  to  heat  to  an 
extent  greater  than  that  obtainable  when  the  sympathetic  supply  has 
been  completely  removed.  Active  vasodilatation  through  sympathetic 
pathways  is  therefore  presumably  possible. 

Sweating  is  also  brought  about  by  sympathetic  activity;  here  the  nerves 
concerned  are  definitely  cholinergic.  Adrenergic  sympathetic  nerves  are 
said,  however,  to  supply  sweat  glands  in  the  hands  and  feet.  These  glands 
can  take  part  in  sweating  reactions  to  heat  but  they  also  play  a  role  in 
emotional  reactions  and  can  show  continuous  secretion  even  in  the  cold. 
Sweating  reactions  to  heat  develop  much  later  as  a  rule  than  do  those  of 
vasodilatation.  Yet  sweating  also  can  be  induced  reflexly.  Certainly  sweat¬ 
ing  is  a  familiar  reaction  to  a  strong  stimulation  of  the  mouth  by  chemical 
actions  such  as  those  produced  by  pepper  or  curry  powder.  Such  sweating 
must  be  induced  by  a  pseudosensation  of  heat.  Marked  sweating  may  also 
be  induced  by  respiration  of  gas  mixtures  with  a  high  CO2  partial  pressure 
of  80  mm.  Hg  or  more.  These  mixtures  also  produce  an  intense  sensation 
of  warmth. 

Normal  sweating  is  described  as  not  occurring  for  many  minutes 
(usually  at  least  ten  minutes)  after  the  sensory  stimulus.  This  is  not 
surprising  if  a  strong  stimulus  be  needed  to  induce  it,  since  the  initial 
stimulus  will  cause  cutaneous  vasodilatation,  and  thus  in  turn  a  fall  of 
central  temperature.  If  the  theory  of  the  effect  of  such  a  fall  in  the  tem¬ 
perature  of  the  centers  be  accepted,  the  delay  in  response  is  no  longer 
surprising.  Even  the  rise  in  surface  temperature  may  be  masked  at  first, 
as  the  increased  inflow  of  blood  may  be  ineffective  if  the  temperature  in 
the  main  artery  is  lowered  by  exchange  of  heat  with  neighboring  veins. 

//eat  -produces  also  other  reactions.  A  rapidly  rising  temperature  causes 
marked  hyperpnea  and  m  this  response  slow  deep  breathing  is  the  rule. 

11s  lowers  alveolar  COo  tension  to  values  possibly  below  16  mm.,  and 
p  I  values  of  blood  as  high  as  7.8  have  been  recorded.  The  effects  are  most 
marked  during  rapid  change  of  deep  temperature,  though  some  effect  of 

aIvS  ro  r'’  •  ‘«™P«™ture  ceases  to  rise, 

fw!  tensions  tend  to  return  towards  normal  levels  compared  to 

those  attained  during  the  period  of  rising  temperature,  but  they  remain 

omewhat  subnormal.  The  respiratory  response  shows  no  indicL  o  sTf 

but  actually  raises  the  pH  value  of  blood  The  loss  of  PO  In  ®i  WC’ 
removal  of  COo  renders  thp  lUroryd  11.  i’-  ot  COo  so  produced  by 

secreting  an  alkaline  urine  During  a  inifiT/' ^  T  responds  by 

mine,  jjuimg  a  lapid  rise  in  body  temperature  the 
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iiiiiie  secreted  may  contain  large  quantities  of  sodium  liicarlionate  and 
give  off  considerable  volumes  of  COo,  if  treated  with  acid  in  a  Van  Slyke 
analyzer. 

1  he  blood  pressure  may  be  lowered  by  exjiosnre  to  mild  heat.  Exposure 
to  more  intense  heat  demands  greater  efforts  to  maintain  surface  blood 
How,  and  a  rise  in  systolic  arterial  pressure  of  some  10  to  20  mm.  Ilg  is 
common.  Diastolic  pressure  may  also  be  increased  but  to  a  less  extent.  If 
moderate  heat  is  continued  for  days,  acclimatization  to  the  heat  is  asso¬ 
ciated  with  greater  efficiency  and  comfort  and  a  gradual  fall  of  blood 
pressure.  With  this  acclimatization  the  blood  volume  is  increased.  Full 
dilatation  of  the  veins  possibly,  and  full  vasodilatation  in  the  small 
cutaneous  vessels  of  the  fingers  and  toes  almost  certainly  cannot  be 
attained  until  the  blood  volume  change  is  developing.  When  a  subject  is 
exposed  to  heat  so  that  his  circulation  is  taxed,  local  heat  apiilied  to  a 
limb  does  not  have  its  normal  effect.  Under  ordinary  conditions  heat 
applied  to  the  legs  causes  a  marked  increase  in  blood  flow  in  the  iqiper 
limbs.  Under  the  conditions  of  a  hot  room  such  local  stimulation  is  apt  to 
test  the  circulation  beyond  its  cajiacity  and  to  cause  a  reduced  blood  How 
in  the  upper  limbs. 

The  mechanisms  concerned  with  the  increase  in  blood  volume  are 
mainly  a  matter  of  conjecture.  The  marked  dilatation  that  is  advan¬ 
tageous  in  the  snperHcial  veins  must  require  a  large  amount  of  blood  in 
addition  to  that  needed  to  Hll  dilated  small  vessels  in  the  dermis.  The 
blood  needed  to  fill  these  vessels  can  be  made  available  by  constriction  in 
other  areas.  It  has  in  particular  been  demonstrated  by  Rein  in  the 
splanchnic  vessels.  A  continued  vasoconstriction  of  the  splanchnic  area 
lasting  for  days,  however,  would  not  he  a  good  physiological  solution.  The 
blood  volume  is  increased  slightly  at  first  by  absorption  of  Huid,  lowering 
plasma  protein  concentrations.  Increased  formation  of  plasma  jirotein 
allows  a  larger  increase  in  blood  volume,  mainly  by  increases  in  plasma. 
,\  reduction  in  hemoglobin  concentration  results.  In  seasonal  changes  of 
climate  there  occurs  somewhat  later  an  increase  in  the  total  hemoglobin 
of  the  body,  with  return  to  normal  concentrations  in  the  blood.  Possibly 
this  results  from  a  reaction  to  the  initial  lowered  concentration.  However, 
the  iiroduction  of  an  increa.se  in  the  total  hemoglobin  as  the  result  of 
exposure  to  heat  under  artificial  conditions  as  yet  is  not  established  defi¬ 
nitely.  In  any  case,  if  a  larger  blood  volume  is  attained,  long-continued 


compensatory  va.soconstriction  m  areas 


other  than  the  skin  would  be  no 


longer  nece.ssary.  „  ,  ,  i 

The  effect  of  competition  of  different  areas  for  blood  in  reactions  to 

exposure  to  heat  has  been  demonstrated  in  dogs  in  reactions  to  henior- 

rhage.  If  such  an  animal  be  exposed  to  a  moderate  hemorrhage  in  a  ^^mnl 


than  does  that  of  the  splanchnic  system.  nrodiices  a 

esponse  to  cold.  The  nervous  respon.se  to  cold  inodnces  a 


NEKVOUS  KEi 
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motor  reaction  of  cutaneous  vasoconstriction  dejienclent  on  activity  of 
adrenergic  sympathetic  fibers,  presumably  with  inhibition  of  sympathetic 
vasodilator  nerves.  A  pilomotor  reaction  of  goose  flesh  is  induced,  which 
is  capable  of  diminishing  air  movement  across  the  skin  and  so  improving 
air  insulation.  It,  too,  depends  on  adrenergic  symjiathetic  nerves.  There 
is  no  general  sym})athetic  involvement  even  though,  as  will  be  described 
later,  the  adrenal  glands  appear  to  be  involved.  General  vasoconstriction 
of  the  skin  in  response  to  cold  is  associated  in  the  acute  res])onse  with  a 
splanchnic  dilatation.  The  principles  of  reciprocal  innervation  still  hold  in 
these  autonomic  reflex  reactions. 

Another  reaction  to  cold  is  shivering  and  in  this  the  ordinary  skeletal 
nerve  supply  is  involved.  Though  sympathetic  nerve  fibers  are  described 
as  innervating  also  skeletal  muscles,  they  do  not  appear  to  be  involved 
in  this  response.  Skeletal  muscles  appear  to  be  involved  in  three  main 
types  of  reaction.  Ordinary  active  movement  with  rapid  alternate  con¬ 
tractions  and  relaxations  are  conducted  to  give  the  maximal  tension 
without  particular  regard  to  efficiency.  Postural  reactions  form  a  second 
type  of  contraction;  here  the  pattern  is  such  as  to  give  the  minimal  tremor 
and  the  maximal  mechanical  efficiency.  In  the  third  type,  shivering,  it 
is  important  that  the  mechanical  efficiency  be  minimal  and  the  heat 
production  as  great  as  possible  for  the  degree  of  movement;  possibly  this 
is  attained  by  rotation  of  the  motor  units  emjiloyed  and  avoidance  of  the 
inci  eased  mechanical  efficiency  for  slow  contractions  which  accompany 
fatigue.  Shivering  appears  to  consist  of  synchronous  contractions  in  small 
gioups  of  motor  units,  which  react  out  of  phase  with  other  groups  and 
alternate  with  antagonistic  muscles,  so  that  gross  movement  is  avoided 
\  oluntary  movements  can  be  substituted  when  conditions  make  this  mnvp 


- ^  lit  icjifA  resf 

hlood  from  the  perii)hery  and 


.  .V  yji  ttiiipfiuiure  in  tne 

response  reduces  the  rate  of  retnm  of  cooled 
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reflexly,  and  may  be  seen  during  strong  stimulation  of  the  skin  when 
central  temperatures  are  rising.  Shivering  does  not  readily  occur  with 
moderate  rates  of  fall  of  deep  temperature,  if  stimulation  of  recej)tors  for 
cold  is  absent.  Thus  immersion  in  cool  water  may  cause  an  initial  rise  in 
rectal  temperature  accomj)anied  by  a  very  brief  period  of  shivering.  As 
the  temperature  sensation  fades  (adaptation)  shivering  ceases.  In  very 
cold  water  sensations  of  cold  persist  and  shivering  may  start  at  once  and 
continue  intermittently  to  become  ultimately  continuous.  If  subjects  are 
exposed  to  still  air  at  about  — 18°  C.  (0°  F.)  when  heavily  clothed,  sen¬ 
sations  of  cold  are  experienced  in  the  exposed  face  at  first  but  soon  fade 
as  the  face  becomes  numb.  The  heavy  clothing  allows  the  peripheral  .skin 
to  cool,  but  the  rate  of  cooling  is  too  slow  to  cause  steep  spatial  gradients 
or  intensive  stimulation.  Shivering  often  remains  slight  for  several  hours, 
until  rectal  temperatures  approach  levels  of  35.5°  C.  (95°  F.) ;  at  this 
late  stage  the  actual  fall  in  central  temperature  is  probably  mainly  con¬ 
cerned. 

In  the  nervous  reaction  to  cold  an  increased  secretion  of  adrenalin 


seems  to  be  included  in  the  sympathetic  reactions.  There  is  no  doubt  that 
intravenous  injections  of  adrenalin  cause  a  moderate  increase  (of  some 
20  to  30  per  cent)  in  resting  metabolism;  the  fact  that  sympathetic 
responses  to  emotional  or  other  strains  include  nervous  stimulation  of 
increased  secretion  of  adrenalin  is  also  established,  dhe  evidence  that 
this  nervous  stimulation  of  secretion  occurs  on  exposure  to  cold  is  less 
definite.  It  has  been  found  in  cats  that  denervation  of  the  adrenal  glancls 
makes  these  animals  more  liable  to  shiver  on  exposure  to  cold.  It  is 
reasonable  to  suppose  that  this  depends  on  the  removal  of  an  earlier  line 
of  defense.  It  may  be  assumed,  therefore,  that  resi)onses  to  cold  may 
include  increased  secretion  of  adrenalin.  Adrenalin  so  secreted  should  not 
only  increase  metabolism  but  also  assist  in  other  ways.  It  would  aid 
vasoconstriction  in  the  skin  and  probably  also  m  the  splanchnic  area, 
while  tending  to  dilate  muscular  vessels,  and  should  therefore  tavor 

shivering  reactions.  „ 

The  reaction  of  res])iration  to  high  temperatures  with  reduction  ot 

alveolar  COo  tension  has  already  been  described.  A  reaction  of  the  op- 
posite  type  may  be  seen  under  certain  conditions  on  exposure  to  cold,  t 
exposure  to  cold  bo  made  sradually  so  that  the  rectal  temperature  falls 
slowly  throuch  n..5  to  1°  C.  without  inducius  sluyermg,  a  retention  ot 
CO,  occurs  with  a  lowered  respiratory  quotieut,  anil  an  increase  m  the 
alveolar  CO,  tension,  ft  is  not  known  whether  this  change,  whici  is 
masked  as  .soon  as  shivering  siiperveues,  has  any  great  . 

With  vasoconstriction  occurring  in  the  skin,  accoinpaiued  I  ,\  . 
tion  in  the  volume  of  blood  contained  in  t^^^Perficial  veins  ^n  - 
tinned  exposure  to  cold  causes  a  deereased  blood  volume.  The  chaii^  ■ 
mainlv  in  the  iilasma  and  a  iiroiiortionate  amount  of  plasma  pioUin  i. 

globin  presumably  develops.  Evidence  has  been  ''\'^J^^Vei  oC 

deductions  in  circulating  hemoglobin  may  "X,  H 

could  be  stored  in  some  reservoir  and  be  ag^^.ui  ^  '  a  r.ot  vet  lie 

been  observed  by  different  and  independent  noikeis, 
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accepted  as  firmly  established.  Possible  experimental  errors  cannot  be 
excluded  with  certainty. 

Blood  pressure  is  raised  during  the  cutaneous  vasoconstriction  to  acute 
exposure  to  cold.  However,  on  continued  exposure  to  mild  cold  for  days, 
a  fall  of  blood  pressure  is  common  in  the  early  stages  of  adaptation.  It 
disappears  gradually  as  the  subject  becomes  accustomed  to  the  condi¬ 
tions.  The  type  of  response  is  therefore  likely  to  vary  with  the  intensity  of 
the  stimulus  and  with  the  stage  of  the  subject’s  adaptation  to  it.  Analysis 
of  these  stages  has  been  attempted  but  is  based  as  yet  on  inadequate 
experimental  proof. 


MORE  DETAILED  CONSIDERATIONS 
Attempts  will  be  made  here  to  present  arguments  in  some  detail  and 
to  draw  attention  to  controversial  questions.  Some  references  to  the  data, 
on  which  the  arguments  are  built,  will  also  be  given.  Only  a  few  sections 
of  the  subject  will  be  so  considered,  since  many  sections  are  treated  in 
detail  in  other  parts  of  this  book. 

The  Temperature  That  Is  Regulated.  Abundant  evidence  exists  in 
other  parts  of  the  book,  as  well  as  in  general  experience,  that  the  deep 
body  temperature  is  regulated  at  a  nearly  uniform  level.  Though  this 
temperature  commonly  varies  slightly  in  the  same  direction  as  that  of  the 
envii  oilmen  t,  such  variations  are  similar  to  those  seen  in  any  thermo¬ 
statically  controlled  system.  On  the  other  hand,  there  is  equal  evidence 
that  the  temperature  of  the  skin  surface  is  very  variable,  even  though 
both  its  temperature  and  circulation  appear  to  be  regulated.  Uniform 
central  temperatures  are  found  deep  in  the  head,  thorax,  abdomen  and 
heart  and  not  elsewhere.  They  definitely  are  not  found  in  the  deep  tissues 
of  the  limbs,  though  this  obvious  fact  is  often  forgotten.  When  it  is  realized 
la  skin  temperatures  on  the  foot,  hand,  lower  leg  or  forearm  often  fall 

that  tW  H'oderate  conditions,  it  is  clear 

t.iat  the  central  tissues  of  these  parts  could  not  be  kept  at  a  temperature 

an  2‘criVom®thr‘  ”  of  t'-  Part  is  often 

than  2  cm.  horn  the  surface;  thermal  gradients  of  over  3“  C  tS  4°  F  1 

per  cm.  could  not  be  maintained  at  basal  heat  productions  unless  there 

o'uW  n"o?  tissues.  Sul  a  vZ 

could  not  be  attained  m  a  watery  mass  with  circuktino-  Ti 

muscular  tissues  of  the  limbs  cannot  be,  and  are  not  part  of  the  e;,T  'i 

aiea  maintained  at  a  constant  temperature  level.  ’ 

reguiri'uirthererabimdLu^v-^^^^^^^^^^ 

measured  calorinietrically,  exceed  CTeatlv  tl  conditions,  when 

During  muscular  work  ereiiTe  eeS  ^  ‘omperature. 

uniform  level.  This  will  be  discussed  la'tl  ®  «'a>'ttoined  at  a 

to  measure  the  actual  heat  loss  of  thp  L  d  *  f  Practicable 

often  essential  to  estimate  eh^L  s  L  - 

determinations  of  deep  and  surfafe  temperaurL  f™m 

mperatures.  Many  attempts  of  this 
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kind  have  been  made  under  various  conditions.  The  simplest  conditions 
were  those  used  by  Hurton  and  llazett^"*  vvliere  the  subject  was  immersed 
in  rapidly  stirred  water.  Here  the  normal  marked  differences  in  the  skin 
temperature  of  different  parts  of  the  body  were  obliterated.  All  the  surface 
temperatures  (with  the  single  exception  of  the  head)  were  identical. 
When  the  temperature  was  changed,  a  steady  state  was  approached  rela¬ 
tively  rapidly,  since  the  high  thermal  capacity  and  conductivity  of  the 
water  made  it  an  effective  agent  both  for  cooling  and  rewarming  the  body, 
d'he  exchange  of  heat  was  found  to  be  predicted  reasonably  well  from  an 
eipiation  jireviously  proposed  by  Burton^^  for  other  circumstances:  this 
eipiation  may  be  expressed 


0av  =  O.650r  -f  0350. 


where  0av  is  the  average  body  temperature,  0r  is  the  rectal  and  08  is 
the  average  surface  temperature.  In  making  comparisons  with  heat  ex¬ 
change  the  specific  heat  of  the  body  tissues  was  assumed  to  have  an 
average  value  of  0.83.  Actually  this  formula  somewhat  underestimated 
the  observed  changes  in  total  heat  in  these  bath  experiments.  A  slightly 
better  agreement  would  have  been  obtained  if  the  contribution  of  surface 
temperature  had  been  weighted  more  heavily,  with  factors  of  0.(5  for  the 
rectal  and  0.4  for  the  surface. 

In  the  experiments  of  Hardy  and  DuBois^®  the  subjects  also  were 
cxiioscd  nude,  but  lay  on  a  sheet  covering  a  fishnet  support  in  a  calorimeter 
at  a  dry  bulb  temperature  of  22  to  35°.  In  almost  every  case  there  was 
a  loss  of  body  heat  and  the  subjects  sometinies  eventually  shivered.  Here 
the  data  were  best  represented  by  an  equation 


0,v  =  0.80,  -1-  0.20, 

In  the  original  observations  of  Burton^  the  subjects  wore  light  clothing 
and  lay  on  a  bed  formed  of  canvas  at  the  environmental  temperature 
averaging  23.3°.  Measurements  were  made  of  the  effects  iiroduced  by 
meals.  The  changes  in  body  temperatures  were  much  smaller  than  those 
of  Hardy  and  DuBois  and  might  be  in  either  direction.  In  these  experi¬ 
ments  the  factors  of  0.(55  and  0.35  were  originally  established 

The  differences  in  results  were  ascribed  by  Hardy  and  DuBois  to  tie 
technical  methods  used  for  measurement.  Such  a  conclusion  is  not  war¬ 
ranted  The  methods  used  by  Burton  for  surface  temperatures  were  hilly 
adequate  for  measurements  beneath  clothing.  Actually  the  three  sets  of 
(lata  arc  physiologically  quite  different.  In  tl.e  first  the 
nude  l)ut  liad  tlieir  normal  surface  temperature  gradients  obi  teratid  1)J 
wlter;  in  water  surface  temperature  changes  on  the  trunk  would  be  mi  h 
greater,  on  the  l.ands  and  feel  mud.  less,  final,  would  occur  ■'>  »  i',  ' 

Loud  they  were  nude  in  air.  In  the  thud  they  were  ^ 

normal  environment.  The  conditions  are  not  compa.-able  Clc^th.ng  <^on 
n^lel. The  nielurc  but  cxcci.t  tor  natives  of  the  tropics,  the  clothed 
!I, dividual  represents  the  normal  physiological  subject  and  observations 

on  clothed  subjects  cannot  be  discarded. 

Both  clothed  and  nude  subjects  in  a  cold  air  environment,  but  not 
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in  water,  show  an  exaggerated  fall  of  temperature  in  the  jieripheral  jiarts 
of  the  limbs.  This  fall  can  precede  the  more  gradual  fall  of  temperature  in 
both  centrally  situated  surfaces  and  deep  tissues.  When  a  clothed  subject 
adjusts  to  a  new  set  of  conditions,  not  only  is  the  temperature  of  the  skin 
changed  but  also  that  of  the  clothes,  and  this  change  in  the  temperature 
of  the  clothing  adds  to  the  heat  capacity  effects.  Situated  on  the  outside 
of  the  combined  system  of  subject  plus  clothes,  the  clothes  have  the 
greatest  change  in  temperature,  so  that  in  spite  of  their  low  heat  capacity 
the  debit  or  credit  of  heat  exchange  contributed  by  them  may  be  consid¬ 
erable.  This  has  been  demonstrated  to  be  an  important  factor  in  the 
cooling  of  hands  in  heavy  gloves,  or  of  the  feet  in  wet  boots.^^’-  The 

differences  between  the  constants  used  by  Burton  and  by  Hardy  and 
DuBois  may  be  partly  explicable  by  the  presence  or  absence  of  clothing. 
The  greater  and  more  rapid  cooling  in  some  of  the  experiments  of  Hardy 
and  DuBois  also  probably  played  a  part,  since  in  such  experiments  a 
considerable  proportion  of  the  cooling  of  the  extremities  may  have  taken 
place  in  the  jireliminary  hour  before  measurements  were  started. 


Equations  of  the  type  described  have  also  been  applied  to  the  analysis 
of  the  cooling  of  subjects  exposed  to  intense  cold  in  experimental  tests  of 
military  clothing,  discussed  elsewhere  in  this  book.  The  equations  have 
greatly  aided  the  calculations  of  heat  balance  in  such  experiments,  though 
^e  data  contribute  little  towards  the  selection  of  the  best  fitting  equation. 
The  presence  of  heavy  clothing  introduces  a  considerable  additional  heat 
capacity  and  the  absence  of  a  steady  state  adds  to  the  difficulty  of  analysis. 

ccuracy  is  not  attainable.  If  a  steady  state  is  far  from  attainment,  the 
degree  of  accuracy  is  quite  low,  for  thermal  gradients  are  complicated  It 
has  been  shown  mathematically  that  bizarre  gradients  with  central  peaks 
or  troughs  are  to  be  anticipated  in  certain  states  of  recooling  or  rewarming 

d’evelon'iZn  Gradients  of  such  a  type  have  been  observed  to 

Thev  have  !  r  a  or  cool  superficial  stimulus.'^ 

ZTtion  ints,  "r  distribution  and  a  longer 

remain  umn  l  i  rerfj  Tf'  a  bath,  though  these  data  still 

wkel  ^  gradients  must  occur  commonly 

in  Air^  Ti  ^*"'P®''f‘"''«yistribution  of  the  Resting  Nude  Individual 

all  over  the  bodv  if  ^  uniform  temperatures  are  found 

temXSuresjahe  hear^^^^^^^^  '•  '^'"•ironmental 

relationships  may  be  obtained  fronUhl^mXIifFtifrne  vV  f 

on  hyper-  inTht  otlXM  ^he  data  were  obtaineil 

room  h  C.  ^rblin,  75X  “-T”'  i"  « 

per  cent  in  still  air.  Normal  control'*^!*  ■'»midity  of  about  45 

the  same  room  at  the  .same  time  to  similarly  exposed  in 

conditions  in  three  subjects  are  shown  ■  n'*  comparable  standards.  The 
the  report  of  Hardv  and  DuBois  on  caT  ''®ri''ed  from 

'  nX  llrimter'timt'tl 

'■.vperthyroid  were  slight.  TtXX‘'suXTtmpXuXT tli"  ei- 
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Fig  16.  The  surface  temperature  distributions  of  three  subjects  exposed  nude  for  over 
an  hour  in  a  room  at  24°  C.  are  indicated.  A  normal  subject  is  shown  by  dots  and  continuous 
lines  a  hyperthyroid  patient  with  a  basal  metabolism  72  per  cent,  above  the  standard  value 
bv  open  circles  and  dotted  lines  and  a  hypothyroid  patient  with  basal  metabolism  47  per 
cent  below  the  standard  by  open  triangles  and  a  dotted  line.  Rectal  temperatures  are  shown 
on  the  extreme  left  and  the  average  surface  temperature  (weighted  according  to  relative  area) 
to  the  right.  Average  surface  temperatures  of  the  trunk  (14  pomts),  head  (3  points),  arm 
(2  points),  thighs  (2  points),  elbows  (2  points),  wrists  (2  points)  lower  legs  (4  pom^).  hands 
(2  points  ,  feet  (4  points),  fingers  (2  points),  and  toes  (4  points),  are  shown  also.  Ihe  actual 
points  used  were  those  described  by  Benedict.  The  data  were  reported  as  typical  of  six 
hvperthyroid  and  four  hypothyroid  ca.ses  as  well  as  of  normal  controls.  ,  i 

Lta  obtained  by  Harfy  and  DuBois"  are  also  plotted  or  + 

and  X  represent  their  subjects  li  and  11  at  environmental  temperatures  of  3o  and  34  respe 
tivelv  and  the  data  agree  well  with  those  on  the  hyperthyroid  at  a  lower  temperature,  bymbols 
X  rep^  subjects  at  22°  which  agree  well  with  those  recorded  by  Brown 

for  normal  and  myxedematous  subjects.  .... 
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tremities  almost  equalled  that  of  the  trunk.  The  resemblance  of  the  values 
to  those  obtained  by  Hardy  and  DuBois^«  on  themselves  at  environ¬ 
mental  temperatures  almost  10  degrees  higher  is  obvious.  The  data 
obtained  by  Hardy  and  DuBois  on  themselves  at  lower  temperatures  also 
compare  very  well  with  those  on  Dr.  C.  L.  Brown  s  normal  subject.  The 
agreement  is  the  more  remarkable  in  that  Hardy  and  DuBois  values  were 
obtained  with  their  radiometer  and  those  of  Brown  by  relatively  crude 
thermocouples  of  Benedict’s  type.  The  inference  is  legitimate  that  the 
mode  of  measurement  is  unlikely  to  introduce  significant  errors  in  such 
comparisons,  for  physiological  considerations  are  responsible  for  most  of 
the  measureable  differences.  On  the  other  hand,  observations  of  surface 
temperature  by  covered  thermocouples  in  the  presence  of  active  sweating 
can  produce  very  large  errors.  The  main  difference  in  Brown’s  hyperthy¬ 
roid  subject  is  that  he  behaves  at  24°  C.  as  does  a  normal  subject  at 
35°  C.  (95°  F.). 

The  surface  temperatures  of  an  hypothyroid  myxedematous  patient  are 
also  indicated  in  Figure  16.  The  surface  temperatures  were  similar  to 
those  of  the  normal  subject  in  the  hands  and  feet,  though  they  were  sub¬ 
normal  in  more  central  areas.  When  lying  clothed  this  patient  had  a  basal 
metabolism  47  per  cent  below  normal.  The  figures  for  surface  temperature 
when  nude  are  remarkably  high  for  such  a  low  metabolic  level.  The  thermal 
insulation  of  the  tissues  should  have  been  much  raised  with  the  thickened 
skin  and  probable  slow  blood  flow,  while  the  insulation  value  of  the  air 
might  also  have  been  increased  somewhat  by  the  roughening  of  the  skin. 
It  is  also  possible  that  the  metabolism  was  raised  from  its  initial  level  as 


the  result  of  the  exposure.  On  the  basis  of  the  latter  assumption  and  of 
the  supposition  that  the  insulation  value  of  the  air  in  this  subject  did 
not  exceed  greatly  that  of  the  other  subjects,  an  insulation  value  for  the 
tissues  has  been  calculated  (see  subscript  of  figure).  Undoubtedly  the 
insulation  value  for  the  tissues  must  have  been  much  above  normal,  for 

the  real  value  is  likely  to  have  exceeded  that  calculated  on  the  assump¬ 
tions  made. 

As  was  recognized  by  Brown,  the  temperatures  in  these  subjects  indi¬ 
cated  that  the  hands  and  feet  play  an  important  role  in  the  regulation  of 
heat  loss.  The  same  idea  is  seen  in  the  work  of  Upriis  et  Grant  and 
Bearson,''*  Freeman  and  Nickerson, »«  and  Sheard  et  It  has  been 
confirmed  by  calorimetric  measurements.^  In  short  exposures  to  environ- 

I  ^''1^  temperature  of  15  to  38“  the  heat  loss  of  hands 

vaiied  over  a  range  of  about  10  times.  The  lowest  levels  of  heat  loss  from 
le  hand  were  about  0.2  to  0.4  kg.  cal.  per  hour.  This  would  give  a  heat 

bTexpeTd^  be' g;ea“  7'’?/’''^  wouW 

temperatures  of  aCft  30“  ^  h  '  «""™>'mental 
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what  different  values,  though  they  iudieate  the  same  type  of  control.  The 
diftereuces  depend  possibly  as  innch  on  the  environmental  conditions 
employed  for  test  as  on  the  part  of  the  body  investigated.  The  subjects 
\\cre  living  continuously  for  days  at  a  low  temperature,  so  that  heat 
cajiacity  changes  affecting  the  whole  body  should  have  been  completed. 
1  he  estimated  heat  exchanges  in  a  warm  environment  were  similar  to 
those  of  the  other  study,  but  under  cold  conditions  the  estimate  for  the 
heat  loss  from  the  hands  and  feet  reached  is  much  higher,  attaining  about 
10  jier  cent  of  the  total  heat  loss  of  the  body.^""' 


Thermal  Gradients  from  the  Surface  to  the  Deep  Tissues.  Many 
isolated  values  for  tissue  temperature  exist  in  the  literature  and  have 
often  been  made  with  little  regard  to  possible  sources  of  error  Certain 
areas  in  a  few  subjects  were  studied  in  detail  by  liazett  and  iVIcGlone 
and  some  of  their  figures  will  be  reproduced  here.  Idgure  17  s  lows  cur^cs 
rep.-cscnting  gradients  in  tlie  fopcarn,  in  two  snl.jects;  the 
were  ol.taineil  on  a  hot  day  at  a  dry  l)nll>  tcmiK-ratiire  o  W.l  C.  (ct 
fectivc  temperature  of  23.!)'')  at.d  tl.e  two  lower  at  a  dry  l.n  )  temperaUne 

i  s;:  Ehi:' £ 
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temperature  was  several  degrees  below  the  rectal  temperature.  Figure  18 
illustrates  gradients  observed  in  one  of  these  subjects  in  the  forearm  and 
in  the  center  of  the  thigh  both  before  and  after  swimming  for  twenty 
minutes  in  sea  water  at  20.4°.  All  the  data  were  obtained  in  a  room  at  a 
dry  bulb  temperature  of  22.8°. 


Fig.  18_  Thermal  gradients  in  both  thigh  and  forearm  in  subject  B  are  indicated  both 
in  Filrel?  LcorT  ordinates  and  abscissae  as 

represented  bv  curves  S  nnH  J.-  t  •  i  /  -  tj  in  the  thigh  and  forearm  are 

p  eseiueu  ny  curves  6  and  4,  the  former  is  shown  by  r  nged  crosses  and  tl.e  latt....  i  r  i 

circles.  Curve  5  represents  the  thermal  gradient  in  the  thilh  aoir  .  . 

the  subject  had  felt  comfortably  warm  lor  over  twenty  mfnnte  f 

ringed  crosses  at  a  level  considerably  higher  near  the^urfa^  tl  ^  represented  by 

peratures  are  shown  to  the  right.  (Bazett  and  McGlone.*^)  ^ 


w  .h. z£‘S  :::■  "zr, 

tissues,  so  that  the  lowest  temiipr-.i.,..„„  t  u  i  ^  o'  t'>e  ileejier 

muscles  were  obtained  after  one'  hour’s°recrverv‘’simihrlv“^tl‘’‘'  ‘‘"f'! 

;r;r '  -  S- 

s  case  the  rectal  temperature  was  initially  37°  and  it  had 
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fallen  to  36.16°  at  the  time  curve  3  was  obtained.  After  sixty  minutes  it 
has  only  risen  to  36.25°  and  after  one  hundred  minutes  to  36.5°. 

There  normally  occurs  during  the  initial  stages  of  cooling  a  rise  in 
rectal  temperature  lasting  some  ten  to  thirty  minutes,  which  can  develop 
in  the  absence  of  any  significant  change  in  heat  production  and  which  is 
normally  accompanied  by  a  loss,  and  not  a  gain,  in  body  heat.^^  It 
results  from  vasoconstriction  conserving  central  body  heat  while  allowing 
the  extremities  to  cool.  The  rectal  tem{)erature  rises  because  the  vaso¬ 
motor  change  has  decreased  the  return  of  cooled  blood  from  the  periphery. 
Similarly  on  rewarming  the  first  effect  on  the  rectal  temperature  is  a 
marked  fall,  usually  lasting  also  some  ten  to  thirty  minutes.  It  rejiresents 
the  effects  of  vasodilatation  and  the  flooding  of  central  tissues  with  blood 
which  had  been  cooled  in  the  periphery.  It  may  be  associated  with  a 
gain,  not  a  loss,  in  body  heat.  The  cooling  of  the  deep  layers  of  the  muscles 
during  rewarming  belongs  to  the  same  process.  It  will  be  seen  later  that 
both  partly  depend  on  changes  in  venous  and  arterial  temperature. 

Thus  there  exist  throughout  the  superfieial  tissues  thermal  gradients 
with  general  parabolic  contours,^-  modified  mainly  by  slight  irregularities 
which  are  determined  by  fascial  planes  or  subcutaneous  fat  layers.  These 
are  well  demonstrated  in  the  exact  measurements  of  thermal  gradients 
across  the  forearm  recently  published  by  Pennes.^-^  There  are  usually  also 
similar  gradients  along  the  long  axes  of  the  limbs,  so  that  the  center  of  a 
cylinder  such  as  the  forearm  or  lower  leg  rarely  has  a  temperature  even 
approaching  that  of  the  rectum.  Environmental  conditions  can  modify 
gradients  in  both  directions,  and  the  effects  are  not  always  the  same.  The 
gradient  from  within  out  is  increased  in  steepness  on  exposure  to  cold, 
whether  by  means  of  air  or  water,  as  long  as  the  heat  input  into  the  limb 
is  not  reduced.  The  gradient  from  central  areas  to  the  extremities  is 
greatlv  exaggerated  by  exposure  to  cold  air  but  is  minimized  in  cold 
water.  In  view  of  the  demonstrable  great  variations,  it  is  not  surprising 
that  no  single  formula  is  able  to  allow  precise  calculations  of  the  average 
body  temperature  and  its  changes.  If  one  assumes  that  the  curves  shown 
in  Figure  17  represent  normal  gradients  extending  to  a  hypothetical  nomi¬ 
nal  depth  of  4  cm.,  where  rectal  temperature  levels  are  reached,  graphic  in¬ 
tegrations  of  such  curves  indicate  mean  body  temperatures  which  agree 
within  0  to  0.4°  (average  +0.2°)  with  values  calculated  from  surface  and 

rectal  temperatures  by  Burton’s  equation.  . 

Temperature  Distribution  during  or  after  Exercise.  Little  is  known 
of  the  precise  distribution  of  surface  temperatures  after  exercise.  As  has 
been  already  stated  in  the  preliminary  outline,  the  deep  body  temperature 
is  regulateti  (luring  exercise  at  a  liiglier  level,  winch  w  relaUveli/  tnde- 
venilent  oi  the  cooUnq  power  of  the  environment,  provided  that  this 
environment  is  not  too  cold  to  allow  the  t,r  wann  up  nor  too  hot 

to  allow  adequate  cooling  to  he  estahlished  Niel.sen  -  f(|und  H ‘■>1 
maanitude  of  this  temperature  rise  varied  with  the  mctaholic  lerd  of  the 
wOTk  accomplished,  though  the  changes  showed  individual 
one  subject  a  rectal  temperature  level  of  about  37  w.as  'od 'n  boi 
three-quarters  of  an  hour  -ith  work  at  StiO  kg,  mm, 
maintained.  With  work  at  1080  kg,/min,  the  level  of  38,3  nas  reached 
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about  the  same  time  and  was  then  maintained.  With  work  at  1260  kg./min. 
a  steady  level  had  not  been  reached  after  one  hour,  though  the  rectal 
temperature  was  then  almost  39°. 

The  average  skin  temperature  is  related  to  the  rectal  temperature 
according  to  the  heat  production  and  the  average  thermal  insulation  of 
the  tissues.  The  greater  the  values  of  either  of  these  factors,  the  greater 
must  be  the  thermal  gradients  of  the  tissues.  The  average  temperature 
of  the  surface  in  its  turn  is  determined  by  the  heat  that  must  be  trans¬ 
mitted  by  radiation  and  convection,  by  the  temperature  of  the  environ¬ 
ment  and  the  amount  of  air  movement  aiding  convection,  as  well  as  by 
conditions  for  evaporation  of  water.  Any  failure  to  attain  a  thermal  bal¬ 
ance  stimulates  the  thermal  control  mechanisms  of  the  body  instigating 
regulatory  adjustments.  One  of  these  adjustments  comprises  changes  in 
the  circulation  which  alter  the  tissue  thermal  insulation  (and  its  reciprocal 
thermal  conductance) .  A  decrease  in  this  insulation  makes  the  surface 
temperature  approximate  more  closely  that  of  the  rectum,  and  so  aids  heat 
loss  from  the  surface.  A  major  adjustment  comprises  control  of  sweating; 
an  increase  in  sweating,  moistening  the  skin,  not  only  has  a  direct  effect 


on  heat  loss  but  also  has  secondary  effects,  probably  reducing  the  thermal 
insulating  value  of  the  epidermis,  and  allowing  more  heat  to  be  lost  to  the 
air  without  increase,  possibly  with  a  decrease,  in  surface  temperature. 

Physical  changes  also  accompany  muscular  exercise.  The  rapid  move¬ 
ment  of  the  limbs  greatly  facilitates  convective  and  evaporative  loss  of 
heat  from  their  surfaces.  Heat  production  is  mainly  located  in  the  limb 
muscles  near  the  surface  of  the  extremities  and  therefore  close  to  those 
surfaces  which  are  most  exposed  to  air  movement.  The  heat  is  partly 
carried  out  directly  to  these  surfaces  by  the  warming  of  arterial  blood 
supplying  this  skin  in  its  course  through  the  muscle.  The  level  of  skin 
temperature  is  determined  by  the  interaction  of  all  of  these  variables. 
Commonly  the  increased  air  movement  and  sweating  play  predominant 
roles  and  the  surface  temperatures  fall.^o.  42,  123  a  result^f  such  reduc¬ 
tions  in  surface  temperature  the  heat  lost  by  radiation  is  lowered  The 
lowering  of  surface  temperature  may  even  result  in  reduced  loss  bv  con¬ 
vection  m  spite  of  the  increased  air  movement.  Under  such  conditions 
evaporative  loss  is  high. 

In  exercise  the  surface  temperature  over  the  active  muscles  is  so  low 
ered  by  the  increased  convective  heat  loss  and  by  the  effects  of  sweatimr 

at  there  is  often  no  evidence  of  any  direct  transmissions  of  heat  from 
the  active  muscles  to  the  skin,  yet  the  arteries  penetrating  the  skfn 

kcts'Tl  sometimes  be  demonstfated  "s  In  sub 

rv^dlnt^rtii^y  ?o  i™' t^m 

in  the  shivering  which  accompanies  a  rigor  in  fever  renct'  obtain 
instance,  at  the  commencement  of  a  malarial  chill  "R  • 
under  such  conditions  local  snrfncp  ‘  ^  reports  that 

rectum;  the  tran  "  o  heat  dfre^  of  the 

longer  masked.  The  less  effectlvet;^^  .1  no 

on  exposure  to  cold  in  a  batlU4  jg  ^icn'^  ^ocompanies  shivering 

direct  transfer  of  heat  f?om  inuii:s'’;“’rhe'Lrtre':''"'‘  ^ 
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While  the  conditions  during  and  after  muscular  work  can  be  described, 
the  methods  of  control  are  little  understood,  nor  can  quantitative  esti¬ 
mates  of  the  changes  be  made  with  any  real  accuracy.  As  stated  by 
Nielsen  estimates  of  the  thermal  exchanges  of  the  body  are  improved,  if 
equations  for  average  body  temperature  are  utilized  to  estimate  changes, 
rather  than  simple  measurements  of  rectal  temperature.  Yet  the  most 
suitable  factors  to  employ  arc  unknown.  During  heavy  work  the  highest 
tissue  temperatures  must  exist  in  the  muscles  where  the  heat  is  generated 
and  not  in  the  central  tissues  of  the  trunk,  which  arc  only  secondarily 
warmed.  W  hen  violent  exercise  in  a  long  race,  near  record  time,  can  induce 
rectal  temperatures  of  41°  or  more  (106°  F'.) ,  the  temperature  of  the 
active  muscle  groups  must  be  much  higher.  Actual  measurements  have 
indicated  that  temperatures  of  41°  C.  may  be  attained  within  muscles;^ 
the  measured  temperature  in  the  quadriceps  muscle  after  running  ex¬ 
ceeded  that  of  the  rectum  by  0.5  to  1.5°  C.  (0.0  to  2.7°  F.) .  Consequently 
the  muscle  temjieraturcs  in  the  subjects  described  by  Robin.son  may  have 
exceeded  42°  or  even  40°  C.  (107  or  109°  F.) .  The  data  obtained  by 
.\smussen  indicate  that  the  efficiency  of  the  muscle  is  greater,  the  higher 
its  temperature;  this  increased  efficiency  probably  depends  partly  on  low¬ 
ered  viscosity,  partly  on  more  rapid  chemical  reactions.  The  latter  sug¬ 
gestion  had  been  made  earlier^®  to  explain  the  effect  of  warming  up  on 
the  development  of  second  wind.  When  warming  up  was  prevented  by  a 
cold  environment,  the  occurrence  of  second  wind  could  not  be  recognized, 
nor  could  it  lie  demonstrated  in  any  recession  of  the  dyspneic  response. 

There  is  no  knowledge  of  how  the  temperature,  at  the  new  thermal 
stcadv  state,  is  regulated.  One  might  speculate  that  impulses  from  re¬ 
ceptors  in  muscle  altered  the  balance  between  the  regulatory  centers  of 
the  hypothalamus.  Since  there  is  much  evidence  that  a  raised  muscle 
temperature  facilitates  the  chemical  changes  of  muscular  activity,  such 
an  hypothesis  might  receive  teleological  support.  On  the  other  hand, 
sensory  receptors  in  the  skin  might  be  affected.  Even  mild  exercise  m  the 
cold  causes  some  sweating.  Sensations  of  warmth  arc  induced  by  inhala¬ 
tion  of  high  concentrations  of  carbon  dioxide.  Blood  supplying  the  skin 


even  minor  changes  might  modify  thermal  sensation  the  proba  )le 
effects  do  not  appear  to  be  in  the  right  direction.  1  o.ssible  factors  an 
merely  mentioned  here  to  emiihasize  that  conditions  which 
rest  should  not  be  assumed  necessarily  to  hold  during  exercis  . 
much  room  for  investigation  of  a  very  difficult  subject. 

Regulation  of  Heat  Production.  Heat  production  at  pst  occurs  ma  . 
in  Hie  central  parts  of  the  body,  as  has  been  emphasized  in  the  Prehmniar> 
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have  a  blood  flow  of  about  1.25  liters  per  minute, 3^-  with  an  oxygen 
consumption  per  liter  that  is  low;  the  oxygen  used  by  the  kidney  may  be 
considered  as  about  14  ml.  per  minute.  The  blood  flow  through  the  liver 
is  about  1.5  liters  per  minute  with  a  probable  oxygen  utilization  in  the 
whole  portal  system  of  some  35  ml.  per  liter.^®-  The  oxygen  consumption 
in  the  portal  system  (including  intestines,  spleen  and  liver)  is  therefore 
about  53  ml.  per  minute  in  the  fasting  state  and  may  be  assumed  to  be 
about  75  ml.  per  minute  in  the  resting  state.  The  heart  and  respiratory 
muscles  probably  account  for  another  40  ml.  of  oxygen  per  minute.  The 
total  weight  of  the  central  nervous  system,  kidneys,  liver,  spleen  and  in¬ 
testines,  and  heart  is  about  5  kg.  or  some  8  per  cent  of  the  body  weight. 
The  estimated  oxygen  consumption  of  these  tissues  (together  with  some 
respiratory  muscles  of  the  trunk)  is  175  ml.  or  56  per  cent  of  the  total. 
Thus  the  skeletal  muscles  constituting  about  half  of  the  body  mass  under 
resting  conditions  must  have  a  very  low  consumption  of  oxygen.  Direct 
estimates  of  this  consumption  have  been  made  by  Asmussen  et  al.^  by 
the  determination  of  the  reduction  in  oxygen  consumption  that  is  induced 
by  the  sudden  occlusion  of  the  circulation  to  both  lower  limbs.  In  this  way 
an  estimate  of  the  use  of  50  ml,  per  minute  by  all  the  skeletal  muscles  of 
the  body  under  basal  conditions  has  been  obtained.  The  resting  values  are 
presumably  larger  in  proportion  to  the  increase  in  metabolism  above  that 
of  the  basal  state,  so  that  the  resting  value  may  be  considered  63  ml.  Thus 
the  total  oxygen  consumed  per  minute  can  be  accounted  for  to  the  extent 
of  238  ml.,  leaving  72  ml.  unassigned. 

Though  such  estimates  are  rough,  it  seems  likely  that  only  about  20 
per  cent  of  the  resting  heat  production  originates  in  the  skeletal  muscles 
and  probably  only  about  half  of  this  in  the  muscles  of  the  limbs.  Yet  as 
will  be  seen  later  a  great  proportion  of  the  heat  loss  occurs  from  the  limbs. 

All  estimates  of  either  basal  or  resting  metabolism  in  man  usually 
assume  that  metabolism  should  be  estimated  according  to  surface  arei, 
'.e.,  according  to  the  area  from  which  heat  loss  occurs.  A  great  deal  of 
literature  exists  on  the  subject;  other  calculations  can  be  made  using  mass 
ins  eac  o  surface  area,  and  by  adjustments  of  constants  or  exponents 
about  the  same  degree  of  accuracy  of  prediction  can  l)e  obtained  The 
question  arises  whether  the  surface  area  relationship  is  valid  in  a  hot 

renorted^hTr  metabolism  in  dogs  in  tropical  areas  of  Brazil 

reported  by  Galvao™  suggest  that  the  surface  area  rule  does  not  hold 

ekt"d  ?o  W»  »'"“h'"  metabolism  appeared  to  be  linearly 

ated  to  W  ,  where  w  is  the  weight,  rather  than  to  surface  area  * 

During  muscular  work  the  condition  is  obviously  very  different  Heat 

rr-;;;- rsi  rz 'S:  av::;: 

view  of  the  delicate  reflex  adjiistnients  thatTof 

incrret Thi::' liX  ‘sill neTnliirmlit  C 

under  such  conditions  some  85  to  00  per  cent  of  the  heat 

P.  aiid  sS  Tals  Galvao, 
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production  is  probably  to  be  found  in  the  muscles,  and  perhaps  50  to  60 
per  cent  of  the  heat  may  be  liberated  in  the  limbs. 

The  actual  heat  generated  within  the  botly  during  muscular  work  is 
somewhat  uncertain,  as  has  already  been  explained  in  the  initial  outline. 
It  would  be  inappropriate  to  discuss  at  length  in  this  chapter  the  question 
of  the  amount  of  heat  generated  externally  during  walking  or  running  on 
the  level.  Since,  however,  only  internally  generated  heat  is  concerned  in 
thermal  balance,  a  few  references  must  be  made  to  literature  dealing  with 
this  complex  subject. 

Moving  pictures  have  been  utilized  by  Fenn^’-  in  the  analysis  of  the 
energy  expenditure  of  runners  during  short  sprints,  in  whom  the  oxygen 
consumption  during  and  after  the  run  had  indicated  energy  expenditure, 
for  the  short  period  of  activity,  at  a  rate  of  some  13  horse  jiower.  Of  this 
expenditure  some  40  per  cent  (or  the  equivalent  of  5.2  h.p.)  appears  to 
be  dependent  on  the  initial  anaerobic  phase  of  muscle  contraction  and 
some  22.7  per  cent  (2.95  h.p.)  represents  the  performance  of  external 
work  against  gravity  and  in  acceleration  or  retardation  of  body  masses. 
The  over-all  mechanical  efficiency  is  therefore  22.7  per  cent  and  the  re¬ 
mainder  of  the  energy  develops  internal  heat.  Such  analysis  cannot  be 
applied  quantitatively  to  other  conditions,  but  studies  of  walking  on  the 
level  or  on  an  incline  have  been  niade.^®’ 

Long’s  data  indicate  the  complexity  of  the  subject,  and  estimates  of 
the  energy  cost  of  swinging  the  arms  provide  a  good  example.  This  cost 
in  two  subjects  at  rest  was  31  kg.  cal./hr.;  when  the  subjects  walked  at 
3.4  miles  (5.48  kilometers)  an  hour  it  was  reduced  to  15.5  and  10.2  kg. 
cal./hr.  respectively,  and  during  running  at  6.2  miles  (10  kilometers)  an 
hour  to  12  kg.  cal./hr.  in  one  and  minus  56  kg.  cal./hr.  in  the  other.  The 
cost  of  swinging  the  arms  probably  varied  little  but  such  movements 
modified  the  economy  of  other  muscular  efforts.  Long  also  investigated 
the  effects  of  low  environmental  temperature  and  of  diet  on  such  economy. 
Heat  production  was  commonly,  but  not  invariably,  greater  at  the  lower 
temperatures  and  was  usually  intensified  by  high  levels  of  protein  intake. 
High  protein  diet  tended  also  to  raise  resting  metabolism  and  to  cause 

slight  increases  in  rectal  temperature.  »  i  •  t  • 

The  relation  of  the  metabolism  to  the  work  done  in  Long  s  subject  L  is 
indicated  in  Table  4.  The  data  are  expressed  in  “met”  units,  and  are  taken 
from  an  individual  experiment  on  this  subject.  (The  data  were  kindly  sup- 
jilied  to  me  personally  by  Dr.  W.  11.  Long.  They  are  representative  rather 

than  average  data.)  ,  .  ,  .  .  t  ii„ 

The  energy  expended  in  lifting  the  body  m  making  steps  was  carefully 

determined  and  is  given  in  the  table.  Any  other  expenditure  during  leve 
walking  is  considered  as  developing  internal  heat,  though  the  actual  heat 
must  be  somewhat  less  than  this  estimate.  When  the  subject  a 

grade  of  11.4  per  cent,  work  was  akso  pcrforined  in  lifting  the  body.  This 
is  indicated  in  Table  4.  The  total  increase  in  metabolism  as  the  residt  ^ 
the  grade  was  approximately  double  the  heat  equivalent  of  the  work 
done”  the  net  efficiency  of  the  work  due  to  the  grade  appeared  to  be  52 
per  cent  This  high  efficiency  is  more  ajiiiarent  than  real,  and  depem  s  on 
[he  ffiw  efficiency  of  external  work  (on  the  basis  of  calculation  used)  for 
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walking  on  the  level.  Data  are  available  in  the  report  for  estimating  the 
cost  of  performance  of  the  extra  work  imposed  by  increasing  the  grade 
from  11.4  per  cent  to  15  per  cent.  The  net  efficiency  of  this  work  was 
some  33  per  cent. 

While  in  general  the  net  efficiency  of  external  work  calculated  from  the 
difference  between  the  metabolism  at  work  and  at  rest  may  be  of  the 
order  of  20  per  cent,  one  cannot  assume  that  increasing  the  external  work 
will  increase  internal  heat  production  by  four  times  the  heat  equivalent 
of  the  external  work.  Usually  the  increase  will  be  less  than  this. 

It  is  hard  to  estimate  how  far  involuntary  muscular  contraction  is  used 
to  maintain  thermal  balance.  If  a  subject  at  rest  is  exposed  to  cold  with 
prevention  of  voluntary  movement,  involuntary  tensing  of  the  muscles 


Table  4.  Energy  Exchange  of  Long’s  Subject  L  Weighing  87.7  kg.  and  with  Surface 
Area  of  2. 1  m.^  (Values  are  e.xpressed  in  mets;  in  subject  of  this  size  1  met  =  105  kg.  cal./hr. 
Walking  was  at  3.4  m.p.h.  [5.48  km. /hr.].) 


Standing 

Walking  on  the  Level 

Walking  on  11 .4%  Grade 

Metab¬ 

olism 

a 

Heat 
Equiva¬ 
lent  of 
Step 
Lifting 

b 

Nominal 

Extra 

Heat 

c 

Total 

Metab¬ 

olism 

d 

Heat 
Equiva¬ 
lent  of 
Step 
Lifting 

e 

Heat 
Equiva¬ 
lent  of 
Body 
Lift 

/ 

Nominal 
Heat  for 
Level 
Walk 

9 

Nominal 

Extra 

Heat 

h 

Total 

Metab¬ 

olism 

i 

0.88 

0.44 

1.77 

3.09 

0  67 

1.24 

1.77 

1.36 

5.92 

Gross  efficiency  -  =  14.3% 
d 

Net  efficiency  — ^ —  =  20  0% 
d  —  a 

e  -1-  f 

Gross  efficiency  - — ^ —  =  32.3% 
i 

Net  efficiency  ^ -  =  37 . 9% 

i  —  a 

Net  efficiency  of 
excess  metabolism  e  4-  f  —  b 

above  that  of  level  j  _  “  52.0% 

walking 

may  occur,  even  though  no  obvious  shivering  is  recognizable.  Under  such 
circumstances  electrical  responses  would  probably  indicate  the  presence 
of  rhythmic  contractions, possibly  representing  early  shivering  or  con¬ 
tractions  of  a  tonic  character  in  which  antagonistic  muscles  are^to  some 
extent  opposing  one  another.  Thus  if  an  individual  be  lying  relaxed  i^a 
warm  bath,  and  the  water  be  suddenly  cooled,  the  shortaess  of  the  bath 
m!l  recognized.  Increased  tone  in  leg  or  back  muscles 

T^itl  t"  “f  the  limitations  of  the  bath. 

JjittiG  IS  known  of  tliG  diffcrGnop^  Jn  fxrTYrvc  p  j. 

irrh-jnts  ;r= 

...11  b. 
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tiactioii  (and  maximal  heat  production),  while  in  other  environments 
maximal  mechanical  efficiency  would  be  i)referal)le.  The  latter  might  be 
attained  in  ])ostnral  eftorts  by  utilizing  individual  motor  units  to  a  mod¬ 
erate  fatigue  level, while  the  former  would  demand  that  fatigue  of 
individual  motor  units  be  avoided  during  shivering.  Skeletal  muscle  fibers 
are  innervated  not  only  by  medullated  fibers  but  also  by  others  of  sym¬ 
pathetic  origin.  These  have  been  thought  to  influence  heat  production  in 
muscle,  but  little  is  known;  references  to  the  extensive  literature  are  given 
by  others.^^'®’ 

1  here  is  evidence  that  the  adrenal  glands  contribute  to  regulation 
against  cold,  and  that  they  do  so,  jiartly  at  least,  by  modifying  heat  jiro- 
duction.  Whether  any  such  action  is  linked  with  the  symjiathetic  innerva¬ 
tion  of  skeletal  muscles  is  not  known.  Cannon  and  his  co-workers'*^  were 
the  first  to  recognize  the  importance  of  these  glands  in  defense  against 
cold,  for  symjiathectomized  cats  shivered  more  readily  than  did  normal 
animals,  and  yet  had  inadequate  maintenance  of  their  rectal  temperatures. 
Adrenalin  was  sus])ected  of  being  involved,  since  output  of  adrenalin  could 
be  demonstrated  on  exposure  to  cold  by  the  denervated  heart  technic. 
Such  animals  showed  an  increased  pulse  rate,  whieh  disap[)eared  on 
severance  of  the  sympathetic  nerves  to  the  adrenal  glands.  Adrenalin 
injections  not  only  mobilize  carbohydrate  and  raise  the  concentration 
of  sugar  in  the  blood.  l)ut  also  increase  metabolism,  so  that  hypersen¬ 
sitivity  of  sympathectomized  animals  to  cold  cannot  be  dependent  entirely 
on  loss  of  cardiovascular  control.  Horvath  et  al.^^  have  investigated  the 
effects  of  adrenalectomy  on  the  metabolic  response  to  cold.  N\)rmal  rats 
showed  an  increase  of  metabolism  of  170  per  cent  on  exposure  to  4  C. 
(80°  F.)  and  the  increase  was  maintained  for  a  while  after  their  return  to 
a  warm  room  at  ^20°  C.  (S4°  F.) .  After  removal  of  one  adrenal  the  response 
was  reduced  to  130  i)er  cent.  Comi)lete  removal  of  both  adrenal  glands 
is  not  easy  to  analyze,  for  it  causes  a  severe  condition  with  lowered 
metabolism  and  lowered  body  temperature  in  which  specific  reactions  are 

hard  to  detect.  ■  e  vn 

Acclimatization  to  cold  jirobably  exists,  but  the  contribution  of  modih- 

cations  of  heat  production  to  it  is  unknown.  While  Englishmen  appear 
peculiarlv  resistant  to  cold  rooms,  and  fishermen  on  cold  coasts  to  im- 
mersion  of  tlieir  luui.ls  in  cold  water,  metabolic  diffcrcnce.s  have  not  been 
denion.strated.  Continued  exposure  of  cxpernncntal  subjects  lia.s  . shown 
„„|y  minor  changcs.'==  However,  the  snbjccl  is  ver.v  <  'ffi^tult  to  investi¬ 
gate,  and  the  data  remain  ineonsisteiit  even  within  a  , single  stnd.v ,  ■ 

^  All  the  adaptations  discussed  consist  of  increases  m  heat  jirodnction 
iiidiiccd  bv  cold;  there  is  no  comparable  reduction  in  heat  production  n, 
response  to  heat.  In  a  warm  environment  men  and  animals  appear 
r  educe  their  metabolism  only  to  a  basal  level  (or  to  a  somewha  lowei 
eve" during  sleep)  by  the  cessation  of  all  unnecessary  activity,  ()n  the 
other  hand  some  acclimatization  to  heat  can  develop  ovei  a  P'™'  " 

,  or  weeks,  in  which  the  basal  luctabohe  rate  is  lowered.  1  ins  I 

;:::^:i:iie  mte’of  a  group  of  woinen  biuu.  .  - 


.  oiiinoto  I"'-'  Hiid  the  sume  author  obsci” 
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end  of  the  first  \veek.“"  Similar  results  had  been  reported  earlier  by 
Martind"'^  involving  in  this  case  observations  on  a  male  subject.  The 
thyroid  activity  is  likely  to  be  reduced,  judging  from  animal  exiieriments 
where  this  can  be  clearly  shown,  as,  for  instance,  in  exiieriments  with 
radioactve  iodine. Reduction  of  basal  metabolism  in  subjects  exjiosed 
experimentally  to  high  temperatures  for  short  periods  is  relatively  difficult 
to  demonstrate.  Under  such  conditions  there  exists  commonly  an  in¬ 
creased  average  body  temperature,  which  would  of  itself  raise  metabolism 
and  mask  the  effects  of  reduced  thyroid  activity.  The  disentangling  of 
interacting  factors  is  hard  to  obtain,  and  possibly,  if  attained,  does  not 
prevent  the  criticism  that  bias  may  have  influenced  analysis.  The  direct 
effects  of  raised  body  temperature  on  metabolism  are,  none  the  less,  estab¬ 
lished,^-’  and  such  effects  must  minimize  reduction  of  metabolism 

in  the  tropics,  so  that  the  observations  of  Mason  and  other  workers  are 
the  more  convincing. 

Sex  Differences  in  Heat  Production.  Sex  differences  in  heat  production 
appear  to  exist  as  well  as  other  sex  differences  in  adjustment  to  climate. 
The  lower  standards  of  basal  metabolism  in  women  that  are  universally 
recognized  imply  a  higher  efficiency  in  maintenance  of  thermal  balance. 
With  this  difference  might  be  correlated  the  greater  sensitivity  of  women 
to  cold  at  night.  On  the  other  hand  women  are  commonly  more  resistant 
to  the  effeets  of  bathing  in  cold  water. 

There  is  no  doubt  that  the  metabolic  level  is  in  women  modified  by  the 
reproductive  cycle.  It  shows  reduction  directly  after  the  menstrual  period 
and  reaches  its  lowest  level  in  the  midperiod  just  before  ovulation.^-^^ 
is  increased  in  pregnancy,  but  the  increase  is  not  readily  demonstrable  till 
the  fiRh  month.  In  view  of  the  slight  changes  it  is,  therefore,  somewhat 
surprising  that  a  sudden  increase  in  the  deep  body  temperature,  whether 
measured  in  the  reetum  or  the  mouth,  commonly  develops  suddenly  at 
the  time  of  ovulation.  The  rise  is  about  0.5°  C.  (1°  F.)  and  has  been 
demonstrated  to  have  considerable  clinical  significance.  It  seems  unlikelv 
that  It  ean  be  entirely  dependent  on  the  increase  in  basal  metabolism- 
probably  other  factors  contribute,  sueh  as  changes  in  water  balance  or 
in  vasomotor  adjustments.  Evidence  is  available  that  water  balance  at 
least  IS  abnormal.  Thus  it  has  been  shown  by  Thorn  et  that  there  is 
a  gam  m  body  weight,  probably  due  to  water,  and  a  retention  of  both 
sodium  and  ehloride  during  the  period  between  ovulation  and  menstrua¬ 
tion.  Injeetion  of  estrone,  progesterone  and  other  hormones  also  causes 
^ater  retention.  It  is  possible,  therefore,  that  the  phenomenon  depends 

bsT  The  ret  diminished  evaporative 

heat  loss.  Ihe  rise  in  temperature  is  maintained  till  the  next  menstrual 

period  and  does  not  revert  to  its  previous  level  even  then  if 

In  spite  of  such  effects  of  hormones,  it  seems  unlikplv  iLot  i 

wonien  differ  except  Quantit'^tJvplTT^  o  i  i  nien  and 

siderable  qualitative  difference  It  is  therefore  ^  “"‘m'Pate  any  con- 

DuBois-  have  found  a  renSfalV:  st  Xrr'httl  ‘ 

sometimes  to  be  able  to  reduce  their  heat  .>roducti;i:"t„“’:Librs.al  rer’l 
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ill  an  acute  reaction  to  exposure  to  heat.  The  experiments  were  made  on 
nude  subjects  in  the  same  calorimeter  at  the  same  environmental  tem¬ 
peratures  previously  used  for  male  subjects,  in  the  experiments  already 
discussed  here  in  relation  to  averaj^e  body  temperature.  The  differences 
between  the  two  sexes  are  indicated  in  Figure  19,  in  which  data  of  one 
of  their  figures  are  replotted,  so  as  to  express  them  as  far  as  possible  in 
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Fitr.  19.  Data  of  Hardy  and  Duliois^  are  sliown  rcplotted.  Ah.scissae  indicate  the  dry  bulb 
temperature  at  which  the  observations  were  made.  Ordinates  from  above  downwards  are 
(1)  °C  in  a  scale  for  both  rectal  and  average  surface  temperatures,  (-  met  units  for  bot 
heat  pmduction.  total  heat  loss  and  evaporative  heat  loss;  and  (3) 

estimated  for  nonevaporative  heat  loss  from  the  skin  to  the  environment,  and  for  the  ti.ssues 
Tot  the  total  heat  lo.ss  from  the  central  parts  of  the  body  to  the  surface.  Heavy  continuous 
U„„  „ro  wlien  tl.e  dal»  apply  to  l.otl,  11*1,1  co,,lin„o.,a  I;™*  J 

only  to  males  and  dotted  lines  for  tho.se  applying  only  to  females.  M  is  used  to  repre.se 

data  from  males  and  F  tho.se  from  females. 

terms  of  met  aii.l  do  units  for  the  benefit  of  nonpliysiological  readers.  It 
will  be  seen  that  tlie  average  rectal  temperatures  were  identical,  as  were 
the  heat  productions  in  cool  conditions  with  an-  temperatures  below  27  C. 
(80  5°  I'A  According  to  such  data  the  accepted  lower  metabolic  late  m 
women  depends  entirely  on  .litferences  existing  in  ort^  e  or  ^ 
environments  The  onlv  other  constant  factor  is  the  msiilation  ot  the  air, 
rpl"":^  qLitity  which  could  only  be  altered  if  the  mam  heat  loss 
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occurred  from  different  areas  of  the  body  in  the  two  sexes.  The  value  of 
this  insulation  was  high,  owing  to  low  air  movement  and  a  protection  ot 
the  back  by  a  sheet. 

The  two  sexes  differed  in  the  lower  temperature  ranges  in  that  the 
females  showed  a  greater  tissue  insulation  in  accord  with  their  com¬ 
moner  thick  layer  of  fat,  so  that  their  heat  loss  was  less  and  surface  tem¬ 
peratures  were  lower.  The  evaporative  heat  loss  was  also  lower,  which 
may  have  depended  on  the  lower  surface  temperature.  In  both  sexes  the 
heat  loss  exceeded  heat  production  with  the  production  of  a  heat  debt. 
At  temperatures  above  27°  C.  (80.5°  F.)  the  rate  of  heat  production  of  the 
males  remained  unaltered,  while  that  of  the  females  dropped  rapidly  and 
remained  low  throughout  the  higher  temjierature  ranges.  This  allowed 
the  total  heat  loss  also  to  remain  low,  through  a  reduction  of  evaporative 
loss.  The  female  subjects  were  remarkable  therefore  in  that  (1)  they  had 
a  higher  tissue  insulation  at  the  lower  temperatures,  while  they  were  able 
to  reduce  this  to  that  of  the  male  at  the  higher  temperatures,  and  (2)  in 
that  they  could  lower  their  metabolism  in  the  warmer  environments.  Only 
one  of  seven  female  subjects  failed  to  show  this  reduction  in  metabolism. 

The  validity  of  the  data  is  unquestionable  with  such  experienced  ob¬ 
servers,  so  that  the  problem  is,  if  possible,  to  explain  the  data  on  a  basis 
of  mere  quantitative  differences  between  the  sexes,  since  any  other 
explanation  is  less  probable.  Judging  from  animal  experiments  there  are 


likely  to  be  two  methods  of  raising  metabolism  in  man  in  response  to  cold, 
one  dependent  on  adrenal  or  other  endocrine  activity,  and  the  other 
dependent  on  shivering  or  other  muscular  activity.  In  these  experiments 
shivering  was  not  concerned.  It  did  not  appear  until  late  in  the  experi¬ 
mental  periods  and  even  then  could  be,  and  was.  inhibited  voluntarily. 
There  is  no  definite  evidence  in  these  or  other  experiments  of  any  metabolic 
response  to  cold,  other  than  shivering,  in  the  male,  nor  in  the  female 

unless  the  anomalous  changes  here  described  should  be  interpreted  along 
such  lines. 

A  possible  (entirely  tentative)  explanation  could  be  that  such  metabolic 
responses  of  endocrine  origin  occur  in  the  male,  but  that  they  appear  at 
lower  temperatures  than  those  used  here,  develop  at  the  same  time  as 
the  shivering  response  and  so  are  indistinguishable.  One  could  then  sup- 
pose  that  m  women  the  two  metabolic  responses  were  called  into  play  at 
different  thermal  levels,  and  so  created  the  greater  complexitv.  On  such 
g  ounds  the  real  basal  metabolic  rates  in  the  women  were  those  indicated 
at  the  higher  environmental  temperatures,  where  the  commonlv  recov 
nized  sex  differences  m  basal  metabolism  obtain  At  environmentnl 

^  «"^ere  condillns 

does  „ot‘Z(e'ro 

that  conditions  in  women  mie-ht  some  indication 

<luctive  glands.  Tirr"  el  '"P™- 

parenthetically  that  even  at  thp  luVl  f  ’  nientioned 

sexes  In  these^.peH™ent:\:^: 
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])robably  not  of  importance,  but  rather  indicates  readjustment  of  lieat 
control  at  rest  by  modification  of  the  heat  content  of  the  l)ody. 

The  sex  differences  in  reactions  to  temperature  are  exjdicable  on  the 
data  available.  The  greater  tissue  insulation  available  explains  the  lower 
sensitivity  to  cold  in  women  during  bathing  and  also  helps  to  explain  the 
greater  sensitivity  to  cold  at  night.  Individuals,  whether  male  or  female, 
who  i)rotect  themselves  by  good  insulation,  lose  a  large  quantity  of  heat 
in  the  process  as  the  extremities  cool.  When  the  subject  begins  to  rewarm 
and  vasodilatation  follows  with  more  even  distribution  of  heat,  the  large 
heat  debt  ])roduces  a  considerable  fall  of  rectal  temperature.  This  is  ac- 
comjianied  by  sensations  of  cold.  Tf  the  absence  of  the  latter  resulted  in 
the  female  subjects  reducing  their  metabolism,  as  according  to  Figure  ft) 
they  do  under  moderately  warm  conditions,  their  greater  sensitivity  to 
cold  in  bed  could  be  explained. 

Regulation  of  Heat  Loss.  Heat  loss  is  dependent  on  radiation,  con¬ 
vection  and  evaporation.  The  physical  factors  modifying  loss  by  these 
paths  are  considered  elsewhere  and  need  only  be  reviewed  here  in  so  far  as 
they  are  affected  by  ])hysiological  adjustments  in  the  body. 

The  total  thermal  insulation  may  be  considered  as  that  of  the  air  or 
other  environment  outside  the  skin  plus  that  of  the  tissues.  Control  of  the 
former  is  slight  and  of  the  latter  considerable,  but  still  definitely  limited. 

Air  Insulation.  The  insulating  value  of  the  environment  is  highest  in 
still  air,  and  can  only  be  rendered  more  effective  physiologically  by  modi¬ 
fying  tile  exposed  area.  Thus  the  body  is  stretched  out  in  warm,  curled 
up  in  cold,  conditions.  The  effective  insulation  of  the  air  may  also  be 
altered  by  the  area  of  the  skin  mainly  used  for  convective  loss.  Such  losses 
are  much  greater  from  cylinders  of  small  diameter  than  from  those  of 
larger  size  (.see  Chapter  3) ,  so  that  heat  can  be  more  effectively  lost  from 
the  fingers  than  from  the  trunk,  if  the  air  is  still.  Consequently  the  heat 
may  be  conserved  somewhat  by  allowing  the  hands  and  feet  to  cool  till 
their  surface  temperature  differs  little  from  that  of  the  air;  it  inay  be 
facilitated  by  conducting  blood  rapidly  to  the  fingers,  thus  raising  their 
.surface  temperatures  almost  to  the  level  attained  in  the  deep  tissues. 
These  reactions  are  utilized  by  the  body  to  aid  control. 

The  “insulation  value”  of  the  air  is  described^^  as  being  commoulv 
between  values  of  0.8  for  indoor  conditions  and  still  air  and  0.19  do  units 
for  outdoors  in  a  wind  of  20  miles  per  hour.  Actually  it  may  be  much 
below  0.2  in  a  greater  wind  and  particularly  so  in  a  mist,  v  icic  va  ci 
.articles  add  to  the  heat  eapaeity  of  the  air.  On  the  other 


so-called  air  insulation  ....s.r  . _  .  ,  . 

fimiroc  qdio  skin  mav  be  either  rough  or  smooth  and  t. 


rough  approximations.  The  laws  governing 
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convection  are  different,  so  that  these  factors  can  only  be  grouped  to¬ 
gether,  where  convenience  is  more  important  than  precision. 

riie  term  insulation  is  used  only  for  nonevaporative  heat  loss,  but  the 
effective  protection  of  the  air  is  much  modified  by  sweating.  Sweating, 
allowing  evaporative  cooling  on  a  larger  scale,  can  greatly  lower  the 
capacity  of  relatively  dry  air  to  imjiede  heat  loss. 

Tissue  Insulation.  Changes  in  the  insulating  value  of  the  tissues  brought 
about  by  circulatory  changes  form  the  main  control  of  heat  loss.  For 
subjects  at  rest  this  value  can  be  altered  over  a  range  of  about  0.8  to  0.2  do 
units.  Such  values  may  be  calculated  from  the  data  on  the  normal  and 
hyperthyroid  subject  respectively  that  are  represented  in  Figure  16,  and 
a  similar  range  is  covered  by  the  data  of  Figure  19.  On  the  other  hand, 
the  apparent  tissue  insulation  in  the  hypothyroid  subject  of  Figure  16  is 
much  higher,  whether  metabolism  be  assumed  to  be  at  its  basal  level  and 
some  higher  level  estimated  from  the  probable  air  insulation  as  suggested 
previously.  If  the  metabolism  was  basal,  the  tissue  insulation  would  be 
1.7,  if  at  the  more  probable  higher  level,  1.1  do  units.  It  is  probable  that 
the  tissue  insulation  in  a  hypothyroid  subject  would  be  unusually  high 
both  as  the  result  of  the  lowered  circulation  and  from  the  effects  of  a 
thickened  and  roughened  skin.  More  detailed  study  of  the  heat  exchange 
of  such  patients  would  be  very  valuable  from  the  scientific  point  of  view, 
since  it  is  not  improbable  that  roughening  and  thickening  of  the  epidermis 
inay  be  very  real  factors  in  acclimatization  to  cold  in  normal  subjects. 
Some  evidence  of  the  importance  of  such  factors  was  obtained  by  Love.^*^^ 

Increases  in  insulation  depend  not  only  on  a  decrease  in  the  vascular 
flow  which  serves  to  transport  heat,  but  also  on  a  change  in  the  paths 
used.  A  general  constriction  in  the  vessels  supplying  the  skin  and  a  con¬ 
siderable  reduction  in  the  flow  has  received  general  recognition.  A  flow  as 
ow  as  0.15  ml.  per  100  ml.  of  tissue  per  minute  has  been  described  in  the 
hand  on  exposure  to  cold.^-^  This  allows  the  subcutaneous  tissue  to  act 
as  an  msu lating  layer,  with  a  maximal  efficiency  said  to  be  equivalent  to 
a  similar  thickness  of  cork,  if  all  blood  flow  could  be  abolished.  Cork  has 
a  Uiermal  conductivity  of  about  0.0001  cal./sec./cm.  Vl°  C./cm.,  one  of 
.!.(>  kg  cal./m  -/hr.  at  1°  C.  difference  across  a  thickness  of  1  cm.,  or  an 
insulation  value  of  1.3  do  for  this  thickness.  The  insulating  value  of  i 

cvdortT'T  T  h""?-  “''m  th“‘'etically  attain  i 

level  ol  1.3  do  units  which  would  limit  heat  loss  to  10  kg.  cal  /m  Vhr  at 

Sul  cn'f  C  _across  it,  provided  that  the  blood  flow  was  insignificant 

Si.bc  itaneoiis  at  of  such  thickness,  and  thermal  gradients  of  1 1  i s 

hodv  °  “'■‘i  I'ot  iinconimon.  Heat  loss  from  the  surface  of  the 

lo  tVthmiTirk:  :r  n-y  l-  reducedlv  en 

not  attained  in  H  '  ‘  ‘ conservation  of  heat  is 
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type  already  indicated  in  Figure  16,  Tlie  effect  of  such  an  arrangement 
may  be  seen  in  the  heat  loss  from  the  hand. 

Thus  it  has  been  shown  by  Forster  et  that  the  heat  loss  from  a 
hand  in  a  subject  exposed  to  cool  conditions  may  be  reduced  to  0.32  kg.  cal. 
hr.,  which  would  be  a  rate  of  about  6.5  kg.  cal./m.^/hr.,  at  a  surface 
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FiK  20  The  depths  in  mm.  at  wliicli  temperatures  were  measured  in  thenar  i^^useles  are 
shown  .ns  abscissae,  an.l  tcmperatnrcs  in  "  C.  as  ordinates.  Along  ‘ 

the  dry  bulb  temperature  of  the  room,  the  average  surface  temperature  of  the  hand  (thermo 
couples  at  10  points  connected  in  parallel),  the  surface  temperature  on  the  palmar  surface 
at  tL  noint  of  Duncture  the  surface  over  the  radial  artery,  the  temperature  witlun  the  radial 

for  the  conductivity  of  the  neet  le,  as  described  y  <  «  subject 

and  a  half  hours.  (Bazett  al-  ) 

sr 'o':  r ';:,r  r;:ir  r.f".5  '££ 

dLas  u"der  similar  conditions  indicate  their  order  of  magnitude.  The 
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observed  values  are  indicated  in  Figure  20.  Here  the  average  surface 
temperature  of  the  hand  was  14.5°.  The  surface  temperature  over  the 
thenar  eminence  of  the  thumb  was  18°  on  the  palmar  and  19  on  the 
dorsal  surface.  The  thickness  of  the  tissue  between  the  two  surfaces  was 
about  2.3  cm.  This  tissue  was  transfixed  with  a  light  needle  thermocouple 
and  the  maximal  tem{)erature  20.5°  was  observed  at  a  depth  of  13  mm. 
from  the  palmar  surface,  and  some  10  mm.  from  the  dorsal  surface.  The 
actual  thermal  gradients  were  between  1.5  and  2.0°  per  cm.  under  con¬ 
ditions  where  the  surface  of  the  hand  was  still  cooling  at  about  3°  per 
hour.  At  a  steady  state  the  gradient  would  probably  have  been  less. 

The  heat  exchange  of  the  hand  under  such  conditions  is  discussed  else¬ 
where  by  Day  (see  Chap.  7) .  It  will  only  be  remarked  here  that  the  heat 
loss  per  ml.  of  blood  flowing  implies  that  the  cooling  of  the  blood  in  transit, 
which  is  dependent  on  external  loss  of  heat,  is  at  most  9°  C.  In  the 
example  under  discussion  if  the  blood  left  the  hand  at  a  temperature 
approximating  that  of  the  surface  of  14.5°,  then  it  entered  at  a  tempera¬ 
ture  not  higher  than  24°,  or  alternatively,  if  it  entered  at  36°,  it  should 
have  left  the  limb  at  27°,  a  temperature  more  than  12°  above  that  of  the 
surface.  Some  compromise  between  these  extremes  is  possible.  The  ex¬ 
planation  lies  in  the  cooling  of  the  arterial  blood  in  its  transit  through  the 
whole  length  of  the  arm  and  the  rewarming  of  venous  blood  on  its  return 
circuit  through  the  same  length. 

Arterial  and  Venous  Temperatures  in  the  Limbs  as  Factors  in  Heat 
Control.  It  is  obvious  that  there  would  be  no  gain  to  the  individual  from 
peripheral  cooling  of  arterial  blood,  as  far  as  heat  conservation  is  con¬ 
cerned,  if  the  entering  arterial  blood  were  merely  cooled  by  loss  of  heat  to 
the  environment,  owing  to  its  slow  flow  down  the  limb.  If,  on  the  other 
hand,  this  arterial  blood  were  cooled  by  exchanges  of  heat  with  the  blood 
in  the  adjacent  veins,  cooling  of  the  arterial  blood  would  occur  without 
external  loss  of  heat.  The  exchange  of  heat  would  be  a  matter  of  internal 
econonyv,  and  the  only  heat  dissipated  to  the  environment  in  the  process 

would  be  that  concerned  in  the  establishment  of  the  thermal  gradients 
along  the  limb. 

demonstrated  to  exist  by  Claude  Bernard  in 
1876,  -  and  has  been  discussed  by  Bazett.'^.  »  The  existence  of  a  rich 
network  m  the  venae  comites  surrounding  tlie  peripheral  arteries  of  the 
nil «  to  an  extent  far  more  developed  than  in  other  parts  of  the  bodv 
indicates  that  this  is  a  mechanism  of  importance.  The  magnitude  of  the' 
tfiermal  changes  that  can  develop  in  the  arterial  blood  during  transit 
was  none  the  ess  not  realized,  until  Day  and  Bazett  and  their  co-workers 
rm™”"Tui  measurements  of  arterial  temperatures  in  the  upper 

nTo^H  "e'dral  envo-onment  light  needle  thermocouples  introduced 

ho:ir:rco"tnS;;s7/to  ^  “7:7)  7 

-1  was oLin^i-rj  el^l^rS  t^i^Lr-'L^s  e^t 
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in  the  tissues  of  the  hand  (see  Fig.  ,  The  temperature  shown  in  Figure 
‘20  for  radial  temperature  is  somewhat  higher,  since  a  small  correction 
was  applied  in  drawing  graphs  to  represent  a  single  stage  of  cooling.  Even 
in  the  brachial  artery  temiieratiires  as  low  as  81°  may  be  observed,  if  the 
hand  (15  cm,  or  more  distal  to  it)  is  cooled  violently  in  ice  water. 

The  progress  of  such  cooling  by  the  distal  application  of  cold  serves 
to  indicate  the  mechanisms  concerned.  Plastic  covered  thermocouples  of 
small  size  may  be  introduced  into  a  brachial  artery  through  a  needle  and 
their  movement  demonstrates  that  they  lie  within  the  vessel.  They  may 
be  left  in  jilace  for  hours.  In  a  moderately  cool  room  such  a  couple  may 
show  an  arterial  temperature  of  some  84  to  85°,  which  rises  briskly  to  8(5° 
or  more,  if  the  return  of  venous  blood  along  the  accomjianying  veins  is 
prevented  by  light  compression  below  the  position  of  thermocouple.  In 
one  ex])crimcnt  when  the  hand  and  wrist  were  cooled  by  ice  water  the 
temperature  in  the  brachial  artery  iiroxinial  to  the  cooling  rose  about 
0.9°  C.  (1.6°  F.)  for  about  three  and  one-half  minutes  and  then  again 
slowly  cooled.  The  hand  was  then  Hooded  with  water  at  '20°  C.  which  felt 
very  warm  by  contrast  and  caused  a  local  dilatation.  This  reaction  ])ro- 
duced  a  jirecipitous  fall  in  tcmiicrature  in  the  artery  15  cm.  or  more  central 
to  it;  the  temperature  fell  to  a  level  of  about  81.6°  C.  (89°  F.) ;  a  change 
of  some  3°  C.  (5.4°  F.)  was  induced  within  five  minutes. 

Such  reactions  demonstrate  that  the  blood  entering  the  arm  is  being 
cooled  by  the  venous  blood  returning  up  the  arm  and  lying  in  close 
j)roximity  to  the  artery.  Such  an  exchange  of  heat  would  ex])lain  not  only 
the  effects  of  compression  but  also  that  of  vasoconstriction  induced 
by  cold  and  of  vasodilatation  induced  by  water  which  merely  seemed  to 
be  warm,  d’here  can  be  no  doubt  that  such  a  prccooling  mechanism  exists. 
It  resembles  in  reverse  the  arrangement  commonly  employed  in  distilla¬ 
tion,  in  which  the  entering  fluid  is  prewarmed  by  the  water  lca\ing  the 
condenser  It  has  a  similar  function  in  minimizing  external  heat  exchange. 

Not  onlv  is  the  arterial  blood  cooled  through  an  internal  exchange  of 
heat,  but  also  the  venous  blood  is  rewarmed.  By  such  mcchanisins  the 
circulation  of  blood  may  be  maintained  in  a  hand  wxih  little  loss  of  heat 
to  the  environment,  and  with  the  maintenance  of  the  low  levels  ot  deep 
temperature  indicated  in  Figure  20.  The  existence  ot  this  mechanism 

rccpiires  that  many  data  in  the  literature  be  reassessed 

Thus  Forster  et  have  shown  that  the  extremely  low  loss  ot  heat 
bv  convection  and  radiation  from  a  hand  that  has  cooled  by  long  exposure 
to  moderate  conditions  can  be  so  explained.  4  he  hand 
a  surface  temperature  below  that  of  the 

heat  bv  vaporization.  In  contrast  in  the  experiments  on  hand 
reportecl  bv  Mendelson  ef  the  liaml  was  exposed  to  much  1  v  i 

tcmneraturcs  in  an  ice  box  and  the  arm  remained  at  modera  e  tenipc  < 
tiires  Here  precooling  of  the  entering  arterial  blood  was  relatively  mo(  - 
r;,. is, t,. .•0„<..,e,i, .vime surface 

convection  xvas  attainalilc  in  their  experiments. 
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Adolpli  and  Molnar^  have  reported  the  effects  of  very  exaggerated 
air  cooling  of  nude  individuals.  They  considered  that  heat  lost  by  heat 
debt  effects  should  be  neglected  in  considering  the  heat  conductance 
of  the  tissues,  since  otherwise  the  results  ajipeared  inconsistent,  and 
greater  conductances  were  estimated  for  the  lower  environmental  tem- 
jieratures.  The  data  on  the  effect  of  exercise  and  of  shivering  on  thermal 
conductance,  as  the  result  of  the  more  peripheral  location  of  heat  produc¬ 
tion  and  direct  spread  of  heat  along  the  arteries  from  the  muscles  to  the 
skin,  indicate  that  such  increased  conductance  is  to  be  expected  and  that 
any  constancy  assumed  to  exist  in  their  experiments  is  likely  to  have  been 
entirely  fictitious.  Their  data  are  not  adequate  for  the  investigation  of  a 
system  of  the  complexity  now  known  to  exist. 

Estimates  of  the  effects  of  venae  comites  on  the  temperature  of  out¬ 
flowing  blood  help  to  explain  the  changes  in  rectal  temperature  that 
develop  with  changes  in  the  environment.  Exposure  to  cold  inducing 
vasoconstriction  and  slowing  the  return  of  cooled  venous  blood  from  all 
over  the  body  allows  a  temporary  rise  in  temperature  even  in  the  rectum, 
which  may  last  for  some  thirty  minutes.  This  can  imply  an  actual  rise  in 
the  temperature  of  arterial  blood  leaving  the  heart  and  an  increase  also 
in  that  of  blood  supplying  the  brain,  but  such  changes  cannot  be  assumed 
as  quantitatively  equal  to  that  of  the  rectum,  the  temperature  of  which 
IS  also  affected  by  local  vasomotor  reactions.  Estimates  of  brain  or  carotid 


aitery  temperatures  are  needed,  but  it  is  unlikely  that  present  concepts 
of  a  common  parallelism  of  changes  in  rectal  and  brain  temperature 
are  grossly  in  error.  None  the  less,  the  temperature  changes  in  the  brain 
with  its  very  fast  blood  flow  and  high  metabolisms  are  likely  to  differ 
somewhat  from  those  of  the  rectum,  in  their  time  relations,  magnitudes 
of  change  and  temperature  levels. 

The  possibility  of  precooling  of  arterial  blood  by  venae  comites  also 
implies  that  such  blood  may  be  prewarmed  under  other  conditions  This 
should  be  the  case  when  arterial  blood  courses  through  active  muscles 
to  reach  the  skin  during  muscular  exercise.  The  warmed  venous  blood 
leaving  the  muscle  should  be  cooled  also  by  the  close  contact  with  the 
outflowing  arterial  blood.  Evidence  of  such  a  relationship  is  seen  ht 
I  he  much  lower  insulation  attainable  during  muscular  exercisi.  and  duriiiv 
shiveimg,  which  is  discussed  earlier  (pp  111-114)  ^ 

vant:;;:::.ts1r^t“‘:LTlr^^ 

sxit  XiSXsXh: 

as  associated  with  a  fast  rntmAr.  i  'eins  is  recognized 

l>een  given  to  the  inqmrtanc"or  L  ^as 

return  from  the  limbs  The  large  vohin!  flow^  in  its 

veins  in  the  warmth  must  deiLto  hi  returning  in  superficial 

in  venae  comites.  The  prccooling  of^iTt  otheiwvise  return 

even  constrict^ 
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precooling  might  be  abolished.*  That  diminution  occurs  is  indicated  by 
the  high  surface  temperatures  that  may  be  found  on  the  hand  and  fingers 
under  such  conditions,  or  even  at  a  normal  room  tem[)erature  at  a  high 
level  of  metabolism  (see  Fig.  1(5) .  Not  only  is  cooling  of  arterial  blood 
less  in  evidence,  but  also  the  venous  blood  itself  cools  further  in  its  course 
up  the  arm  or  leg.  Thus  it  was  shown  by  Bazett  and  MeGlone^^  that  in  a 
warm  room  at  20.3°  C.  dry  bulb  (79.5°  F.)  the  temperature  in  a  vein 
at  the  base  of  the  index  finger  was  35.1°  C.  (95.2°  F.)  and  that  in  the 
median  cephalic  at  the  elbow  34.0°  C.  (94.3°  F.) ;  cooling  was  occurring 
during  return  flow  along  the  veins.  Under  cool  conditions  the  temperatures 
in  the  veins  have  gradients  in  the  ojiposite  direction  (rewarming  of  blood 
during  return)  ,  often  of  10°  C.  or  more.  The  existence  of  these  reversals  in 
the  gradients  along  superficial  veins  has  been  confirmed  by  many  ob¬ 
servations  since  the  date  of  this  early  jiaper. 


A  matter  of  some  interest  in  the  behaviour  of  the  longitudinal  gradients 
in  the  limbs  is  the  insulation  of  an  individual  immersed  in  moving 
water. Here  the  whole  gradient  along  the  skin  surface  is  obliterated, 
but  there  seems  no  reason  to  believe  that  this  is  true  for  the  deeper  tipues. 
The  cooling  of  entering  arterial  blood  would  proceed  as  it  would  in  air 
except  that  the  cooling  is  limited.  The  fall  in  temperature  can  only  make 
the  blood  temperature  approach  that  of  the  environment.  Consequently 
a  uniform  surface  temperature  should  be  accompanied  by  a  deep  tem¬ 
perature,  which  distally  aiiproaches  closer  and  closer  to  that  of  the  surface. 
Thus  at  the  distal  extremities  of  the  limb  the  thermal  gradients  from 
within  outwards  should  be  very  low.  The  heat  loss  froin  the  hands  and 
feet  is  not  easily  measured  under  such  circumstances,  but  it  should  be  very 
small  in  spite  of  the  relatively  high  temperature  levels  maintained  at  the 
surfaces,  and  might  be  so  even  with  a  relatively  high  rate  of  how. 

Insensible  Perspiration  in  Heat  Control.  It  was  shown  by  Benedict  and 
Root^^  in  1920  that  about  24  per  cent  of  the  total  heat  loss  from  the  bo  y 
is  dependent  o.i  evaporation  of  water  from  tl.e  respiratory  traet  and  skm, 
and  since  that  date  this  relationsinp  l.as 

fntnsible  per^iration  appears  to  vary  with  '-at  P™^ 

re.asons.  The  heal  loss  by  vaponz.at,on  ,n  'V,  c  rab 

on  the  expiration  of  air  saturated  at  about  3a  C.  (9a  1  .)  •  ^”cn  an  i 
a  tension  of  42  mm.  llg  accounts  for  the  exhalation  of  about  lb  gi  . 
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such  circumstances  depends  „  |,eat  loss  of  .5.8  to 

"  Ob3y'i"e  larg^rl.  individual  and  the  higher  his 
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metabolic  rate,  the  greater  the  amount  of  air  breathed  and  the  greater 
the  heat  loss.  This  loss  therefore  amounts  to  some  8  to  10  per  cent  of  the 
total  heat  loss  or  one-third  of  the  loss  by  insensible  perspiration. 

If  the  air  breathed  is  high  in  moisture  content,  it  can  still  take  up  much 
extra  water  since  it  is  warmed  in  the  process.  If  the  inspired  air  is  both 
warm  and  moist  the  loss  may  be  reduced,  but  in  this  case  the  heat  loss 
from  the  skin  has  to  be  increased  to  achieve  a  balance  and  part  of  the 
heat  loss  in  the  skin  is  accomplished  through  water  vaporization.  In  the 
skin  a  few  areas  apjiear  to  have  sweat  glands  which  secrete  to  some 
extent  without  much  regard  to  the  thermal  conditions.  These  have  been 
described  by  Kuno’**^  as  occurring  particularly  in  the  hand  and  foot.  They 
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the  environment  in  °  C.  are  plotted  as  abscissae,  and 
percentage  loss  of  heat  from  the  two  hands  as  ordinates  in  the  lower  part  of  the  figure, 
n  the  ass^ption  that  the  total  resting  metabolism  was  at  a  rate  of  50  kg.  cal./m  Vhr  The 
data  are  those  given  by  Forster  a/.-  The  dots  and  open  circles  represent  their  tw^male 

and  the  crosses  their  female  subject.  In  the  upper  graph  the  ratio  of  the  evaporative  heat  loss 
to  the  total  heat  loss  of  the  hand  is  indicated.  puiaiive  neat  loss 


have  also  been  described  as  existing  in  the  axilla.ioo  Part  of  their  function 
appears  to  be  the  maintenance  of  a  moist  sensitive  skin  useful  in  precise 
mamiiulations  The  rest  of  the  sweat  glands  have  intermittent  activitv  and 
are  not  normally  much  concerned  in  the  restiiiff  water  locjci  nf  ^  ' 

.nsensible  perspiration.  The  latter  appearrto  7ep"nd  „^he  fill 

sure  and  the  flow  of  blood  through  theie  veie“s' When  e? 
a  greater  flow  of  blood  in  the  skin  tn  n' ^  conditions  require 

radiation,  conditions  favor  q  ptpoi  mT  V  convection  and 

understandable  that  some  14  per  cenrof  theM^I  h^  therefore 

iier  cent  ot  the  total  heat  or  some  16  per  cent 
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of  the  heat  lost  from  the  skin  depends  coniinonly  on  water  so  filtered 
and  evaporated. 

None  the  less,  the  inechanisins  for  the  dissipation  of  heat  by  evapora¬ 
tion  cannot  be  considered  as  being  constant;  the  relatively  nniforni  pro¬ 
portion  on  heat  so  lost  depends  merely  on  the  similar  effects  of  changes 
ill  the  circulation  of  heat  loss  by  radiation,  convection  and  evaporation. 
An  exception  to  this  rule  is  the  effect  of  precooling  of  arterial  blood.  This 
lowers  the  heat  loss  by  radiation  and  convection  from  the  extremities 
without  causing  as  great  a  reduction  in  evaporative  loss.  (The  data  are 
not  fully  conclusive  that  such  is  the  case,  since  the  observations  depend 
on  the  ventilation  of  an  area  with  completely  dry  air.  However,  it  is 
probably  true,  since  cool  air  contains  little  moisture.) 

The  relation  of  the  heat  loss  from  the  two  hands  to  the  total  resting 
metabolism,  assumed  to  be  50  kg.  cal./m.-/hr.,  in  the  data  of  Forster 
et  alS’’*  is  shown  in  Figure  !il;  in  the  upper  part  of  the  chart  the  ratio  of  the 
evaporative  heat  loss  to  the  total  heat  loss  is  indicated.  When  the  skin 
surface  is  cooled  below  the  temperature  of  the  environment  the  ratio  may 
be  greater  than  one.  It  may  be  seen  in  this  figure  that  the  total  heat  that 
is  lost  from  the  hands  is  very  small  at  low  environmental  temi)eratures, 
is  very  great  and  rather  variable  at  moderately  high  temperatures  of 
25  to  30°  C.  (77  to  80°  F.)  and  is  decreased  again  at  environmental 
temperatures  of  about  34°  C.  (93°  F.) .  The  low  values  in  the  cold  depend 
on  the  economy  obtained  by  precooling;  they  are  associated  with  very 
high  proportion  of  heat  loss  by  evaporation,  so  that  at  environmental 
temperatures  below  18°  C.  (04°  F.)  all  the  heat  may  be  lost  by  vaporiza¬ 
tion  and  the  surface  temperature  of  the  hand  may  either  be  at  the  same 
level  as  that  of  the  environment  or  below  it  (like  a  wet  bulb  thermometer) . 
The  proportion  of  heat  lost  by  vaporization  far  exceeds  that  obtained  in 
experiments  by  ^lendelson  6t  or  in  those  reported  by  Tovc.  How¬ 
ever,  the  air  flows  were  much  lower  in  the  exi)erinients  of  horster  et 
than  in  those  of  the  other  workers,  so  that  convective  loss  of  heat  would 
be  minimized.  In  the  experiments  of  Forster  et  at  the  higher  tem¬ 
peratures  the  heat  loss  again  becomes  entirely  evaporative,  as  it  must, 
while  the  hands,  and  presumably  also  the  feet,  may  play  a  smaller  role  in 
the  cooling  of  the  body.  The  latter  effect  depends  on  the  increased  im¬ 
portance  of  the  trunk  during  loss  of  heat  through  active  sweat  secretion, 

as  will  be  seen  later.  .  i-f  i 

The  data  of  Figure  21  imply  that  complex  interactions  modity  both 

the  localitv  and  the  mode  of  heat  loss,  and  that  there  is  no  mheu-ent  reason 
why  evaporative  losses  should  maintain  a  relative  y  constant  P^^mn 
of  the  total  lo.ss.  Benedict  and  Wardlaw'^  found  the  loss  from  the  han 
and  feet  to  be  .several  times  as  great  per  unit  area  as  that  trom  other  areas. 
Similar  conclusions  are  reached  by  Burch  and  Sodeman^  but  with 
emphasis  on  variability.  The  data  of  Figure  21  indicate  that  comparisons 
between  different  areas  would  give  very  variable  results  according  o 
conditions  The  normal  constancy  lietween  total  heat  loss  and  wate 
evaporation  ^lepencls  theixdo^e  ^on  the 

direcUrbrvas'c“.lar  reactio’ns.  Thus  tcuporary  discrepancies  may 
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arise  but  a  close  correspondence  is  a])t  to  be  found  over  any  prolonged 
period.  This  modern  concept  is  merely  a  reiteration  of  the  views  originally 
advanced  by  Newburgh  et  who  accomplished  most  of  the 

original  basic  work. 

It  is  also  possible  that  there  may  be  prolonged  upsets  of  the  balance 
of  evaporative  and  other  modes  of  heat  loss.  Such  have  been  described  by 
Burton  et  d.^^'  as  occurring  in  some  subjects  during  a  rapid  adjustment 
to  a  cold,  after  long  exposure  to  a  warm  environment.  The  marked 
reduction  in  evaporative  loss  has  received  no  adequate  explanation. 

Changes  in  thyroid  activity  might  also  cause  abnormalities,  though  the 
experiments  of  Benedict  and  Root'^"  showed  that  insensible  loss  consti¬ 
tuted  a  normal  proportion  of  the  total  in  hyperthyroid  cases.  The  writer 
knows  of  no  similar  observations  on  hyjiothyroid  cases,  where  the  dry 
thickened  skin  might  be  expected  to  modify  the  picture.  The  evaporative 
loss  might  be  subnormal. 

Loss  of  Heat  hy  Sweating.  It  is  not  proposed  to  give  much  attention 
here  to  this  mode  of  heat  loss,  which  is  described  fully  in  other  sections  of 
this  book  in  relation  to  specific  experiments.  Attention  will  be  drawn 
merely  to  its  relation  to  the  general  response. 

Sweat  consists  of  a  secretion  of  a  weak  sodium  chloride  solution  (about 
0.1  to  0.2  per  cent)  and  requires  therefore  the  performance  of  osmotic 
work  for  its  formation.  Its  composition  has  been  carefully  analyzed  and 
reported  in  a  series  of  papers  by  Talbert, Mickelsen  and  Keys,^!'^  and 
others.  Secretion  of  large  quantities  of  sweat  can  lead  to  a  drainage  of  both 
sodium  and  potassium  salts  from  the  body.  With  acclimatization  to  heat 
gieatei  economy  of  salts  is  attained  by  the  secretion  of  lower  concen¬ 
trations.  With  heavy  demands  on  the  sweat  mechanism  there  is  probably 
hypertrophy  of  sweat  glands  and  a  more  effective  secretion  (Kuno^^) .  The 
number  of  glands  available  appears  to  be  stable  after  the  first  two  years 
o  growth,  but  children  exposed  to  heat  in  their  earlv  vears  are  said  to 
develop  a  larger  number  of  glands  than  do  those  not  so  exposed  (Kuno) . 
A  arger  number  of  glands  would  allow  a  more  even  distribution  of  sweat 
with  a  consequent  more  ready  evaporation  and  a  decreased  waste  of 
sweat  lost  from  the  body  before  evaporation.  Whatever  mav  be  the  reason 
here  ,s  no  doubt  tliat  those  habituated  to  a  hot  environment  from  child¬ 
hood  are  able  to  keep  cool  with  much  less  evidence  of  profuse  sweating 
than  IS  seen  m  individuals  less  acclimatized  to  heat.  The  evaporation 
appears  to  be  more  effective  and  the  waste  of  sweat  less. 

W.- ^  '’"^*‘■*“11011  of  sweat  secretion  has  been  investigated  bv 

\Veiner-^a„d  some  observations  have  also  been  made  bv  bS  and 

and  it  ■  "uneer;:ii:  th';  s“  “I:!::;: 

picture  was  the  same.  About  .50  per  cent  of  f  ^  *  general 

of  W  einer  are  of  some  interest  in  that  the  statistical  anaivsis  of 
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(lata  on  heat  exclnuige  attempted  hy  Siple  and  others  of  tlie  staff  of 
ltd  to  the  conelnsion  that  iiulividnals  lost  heat  hy  convection  and  radia¬ 
tion,  as  though  the  body  consisted  of  a  cylinder  of  about  7.5  cm.  (3  in.) 
diameter,  while  they  lost  heat  by  evaporation  as  though  the  body  con¬ 
sisted  of  a  cylinder  of  30  cm.  (l‘2in.)  diameter  ((’onferenee  at  OQMCl, 
1944,  observations  by  J.  II.  Plummer  and  L.  Fourt'*") . 

I  he  descri])tion  of  the  heat  distrilmtion  in  the  body  surface  already 
given,  indicating  as  it  does  the  great  jiart  ])layed  by  the  extremities  in  the 
control  of  heat  loss  by  radiation  and  convection  as  well  as  evaporation 
under  resting  conditions,  would  account  for  the  low  average  diameter 
under  the  first  conditions;  these  observations  on  regional  sweating  would 
account  for  the  deductions  on  evaporative  loss  during  active  sweating. 
The  general  conclusions  of  the  groui)  receive  thereby  confirmation.  How¬ 
ever,  the  details  of  the  analysis  could  ])robably  be  improved  with  the 
additional  information  available  on  the  following  basis.  The  resting  body 
jirobably  acts  as  would  a  cylinder  of  small  diameter  in  cooling  at  mod¬ 
erate  temperatures,  whether  this  cooling  be  attained  by  radiation,  con¬ 
vection  or  evaporation.  At  extremely  low  temj)cratures  the  heat  loss  from 
the  trunk  would  form  a  larger  proportion  of  the  total,  owing  to  the  func¬ 
tion  of  the  ])recooling  mechanisms  in  the  extremities,  and  the  effective 
diameter  might  be  larger.  At  extremely  warm  temperatures  also  the  ef¬ 
fective  diameter  wouhl  be  large  as  active  sweating  was  brought  into  ])lay. 
During  muscnlar  work  there  would  be  similar  swings  dc|)cnding  on  the 
ease  with  which  a  balance  of  heat  loss  and  heat  jirodnction  was  obtained 
with  or  without  active  sweating.  In  such  an  analysis  the  effective  diameter 
of  an  equivalent  cylinder  would  be  determined  by  the  load  on  the  cooling 
mechanisms,  and  the  reactive  mechanisms  consequently  utilized. 

Wetied  Area.  The  skin  surface  at  times  behaves  as  a  comjiletely  wet 
surface,  at  other  times  as  though  it  were  partially  wet.  Consideration  of  its 
behavior  in  terms  of  the  wetted  area  was  introduced  by  Gagge'’’8  and 
this  method  of  treatment  has  aided  (piantitative  consideration.  It  will  be 
found  de.scribcd  in  more  detail  and  utilized  in  analysis  in  other  sections  of 
this  book.  The  concept  merely  states  that  evaporative  lo.ss  d(?pends  on 
the  differences  in  vapor  tension  between  the  surface  and  the  air,  and  on 
the  conditions  of  air  movement,  and  other  factors.  One  of  the  factors 
determining  the  vapor  tension  of  the  skin  is  its  temperature  and  the  cither 
the  degree  of  wetness;  the  actual  vapor  tension  of  the  skin  is  then  related 
to  the  theoretical  maximum  for  the  existing  skin  temperature  by  a  factor 
1^;,  which  has  the  same  significance  for  the  skin  that  relative  humidity  has 

for  the  air. 


when  the  maximal  cvapiMiiuw..  . .  ^  lost 

The  maximal  coolnij?  tliat  can  he  „f  s  (i  >  cm /sec  used 

,lepc,Kis  on  the  air  movement.  .U  a  turhulenl  flow  of  8.h,>  cm.; sec. 
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ill  Gagge’s  experiments  the  maximal  evajioratioii  from  skin  surface  cor¬ 
responded  to  a  heat  loss  of  28.5  kg.  cal./m. Vhr./cm.  difference  in  vapor 
jiressiire.  The  minimal  value  was  about  one-tenth  of  this. 

When  the  wetted  area  is  ininimal,  sweating  is  absent  except  jiossibly 
for  a  few  quite  small  areas,  and  the  evaporation  is  obtained  from  the 
whole  surface  of  the  skin,  which  is  only  jiartially  wet.  The  superficial 
layers  of  the  dermis  beneath  the  eiiidermis  may  be  considered  com- 
jiletely  wet,  but  they  are  covered  by  partially  dry  epidermis,  which 
impedes  vaporization  to  an  extent  sufficient  to  reduce  evaporation  to 
one-tenth  of  its  maximal  value.  The  possible  minimal  wetted  areas  of  the 
skin  has  not  been  explored  under  abnormal  conditions.  It  is  possible,  for 
example,  that  the  abnormal  skin  of  myxedema  (hypothyroidism)  ,  which 
is  thick  and  dry,  may  result  in  a  minimal  wet  area  less  than  that  here 
specified. 

Evidence  has  been  advanced^^-’  that  insensible  evajiorative  loss 
from  the  skin  is  often  almost  entirely  determined  by  the  skin  temperature 
and  by  that  alone.  However  this  probably  only  applies  under  relatively 
abnormal  conditions,  when  the  skin  is  being  artificially  ventilated  by  abso¬ 
lutely  dry  air.  Here  the  wetness  of  the  skin  probably  remains  minimal. 
Pinson  found  that  when  ventilation  of  such  an  area  was  decreased,  the 
moisture  of  the  environment  rose,  and  evajioration  decreased  as  the  vapor 
tension  difference  was  reduced.  After  a  while,  however,  it  again  increased, 
probably  as  the  epidermis  became  wetter. 


NERVOUS  CONTROL  OF  BODY  TEMPERATURE 

THE  CENTERS  IN  THE  NERVOUS  SYSTEM 

It  is  generally  agreed  that  the  centers  for  the  control  of  body  tempera- 
tiiie  are  situated  in  the  base  of  the  brain,  the  hypothalamus.  Other  centers 
exist,  some  higher  in  the  cerebral  cortex,  which  can  modify  reactions, 
others  lower  m  the  medulla  and  siiinal  cord,  which  aid  in  the  integration 
ot  the  controlling  reactions;  both  have  only  subsidiarv  functions  The 
anatomical  organization  can  be  described  here  only  in  barest  outline  with 
references  to  aid  those  interested. 

The  function  of  the  centers  must  Ire  considered  in  relation  to  the  high 
net.ibol,c  level  of  the  tissues  of  the  central  nervous  system,  which  Ims 
been  recognized  only  recently.  The  work  of  Kety  and  Schmidt’^.  »«.  has 
demons  rated  that  the  central  nervous  system  receives  about  0.75  liters 

blood  per  minute  in  the  resting  suliject  and  utilizes  some  46  ml.  ner 
niimi  e  out  of  the  150  ml.  of  oxygen  thus  carried  to  it.  Weighing  about  « 
per  cen  of  the  body  weight,  the  central  nervous  svsten  acctmts  or 
■  bout  3  per  cent  of  the  resting  oxygen  consumption.  Ye  To  thm 
I  alt  of  the  central  nervous  system  consists  of  mediillated  neiwe  fibers 

high.  It  is  quite  possible  thartiilm  t  ,fi  (ih^lit 

paraventricnlar  nuclei  are  described  asT^ssTing  cefis'TT'Tiiahl 
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colloid  particles,  suggesting  that  they  have  chemical,  or  possibly  eii- 
dociiiie,  functions,  in  addition  to  the  more  eonimon  properties  of  nerve 
cells,  d he  leader  can  find  a  wealth  of  information  on  such  matters  in  the 
/^Oth  \olume  of  the  Pul)lications  of  the  Association  for  Research  in  Nerv¬ 
ous  and  Mental  Diseases,  published  in  1940,  which  deals  with  the 
hypothalamus  and  many  references  are  given  later  to  articles  in  this 
volume;  on  these  anatomical  features  Finley,**^  Craigie''*"’  and  the  Schar- 
rers^^"^  niay  be  consulted.  Such  unusual  histological  features  need  not  be 
related  to  temperature  control,  for  the  hypothalamus  appears  to  be 
responsible  for  the  regulation  of  a  large  number  of  vegetative  functions. 
The  association  of  this  area  with  the  pituitary  gland  is  close,  and  evidence 
is  accumulating  that  there  is  no  hard  and  fast  boundary  here  between 
tissues  responsible  for  nervous  reactions  and  others  exerting  endocrine 
functions.  The  reader  is  warned  of  such  complexities,  so  that  he  may  not 
accept  without  criticism  attempts  to  attain  schematic  oversimplification. 

Even  though  the  metabolism  of  the  brain  is  high,  it  should  not  produce 
any  great  ehange  in  the  temperature  of  the  blood,  which  circulates  through 
it,  except  possibly  locally,  since  the  (piantity  of  blood  flowing  is  great. 
C.alculations  indicate  that  the  venous  blood  might  be  0.*^  to  0.5°  C. 
warmer  than  the  entering  arterial  blood.  A  few  actual  measurements  have 
been  made  in  the  jugular  bulb,  which  carries  blood  from  the  hypothalamic 
area.  In  man  under  static  conditions  this  blood  close  to  its  exit  from  the 
skull  has  had  a  temperature  exceeding  that  of  the  rectum  by  about  0.25°  C. 
(0.45°  F.)  according  to  a  verbal  communication  by  Eisenberg  and 
Bazett.*’^  The  temperature  of  the  centers  is  likely  to  exceed  that  of  the 

blood  but  not  to  differ  greatly  from  it. 

jg  probably  significance  in  the  anatomical  jiosition  of  the  centers. 
They  lie  deep  in  the  cranium  far  removed  from  external  influences.  The 
insulating  capacity  of  the  cranium  is  probably  not  so  great  as  is  sometimts 
assumed.  The  head  is  relatively  impervious  to  cold  but  this  is  explicable 
on  the  basis  of  its  high  metabolism  and  rich  supply  of  blood.  The  head  is 
much  less  resistant  to  radiant  heat,  as  might  be  expected  if  the  insulation 
were  far  from  perfect.  None  the  less,  insulation  must  be  fairly  good  m 
view  of  the  skull  barrier  and  the  relative  paucity  of  vessels,  which  make 
connections  across  it.  Data  on  the  thermal  topography  of  the  brain  m 
animals  have  been  reported  by  Serota  and  Gerard.^^’  ^  supp  > 

to  the  brain  is  also  relatively  well  protected  from  external  influences,  tor 
both  the  internal  carotid  and  vertebral  arteries  have  a  deep  course  m 
which  they  are  little  exposed  to  the  cooling  influences  of  venous  blood 
returning  from  body  surfaces.  In  man  the  internal  carotid  is  ^‘xposed  jo 
close  contact  with  the  internal  jugular  vein  which  carries  blood  iiiai  In 
of  intracranial  origin,  while  snpcrficial  areas  of  the  lica.l 

external  jugular  vein.  Within  the  cranium  the  centers  he  nnincdiaUlj 
over  a  large  circular  arterial  anastornosus,  the  circle  of  tWIhs,  ami  ovci 
ar,rge  regular  collection  of  veins,  the  cavernous  sinus.  From  the  tonne 
trbe  the  branches,  which  supply  the  h,v|,othalamus,  ami  m  o  the  latte 
:pe  1  venous  channels  which  ilrain  it.  The  close  -  f  'I-'- 
iiidicated  in  the  Anatomy  of  tlie  Nervous  System  of  Uan.son  and  Chnk, 
particularly  in  Figures  50  and  01, ’ 
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Evidence  now  available  demonstrates  that  the  brain  temperature  can 
change  rapidly  as  the  result  of  alteration  in  blood  temperature.  Local  heat¬ 
ing  of  hands  or  feet  can  cause  measurable  increases  in  central  arterial  tem¬ 
perature  within  three  or  four  minutes,  while  the  temperature  of  the  rectum 
may  show  no  change  for  eight  to  fifteen  minutes.  The  temperature  changes 
in  blood  leaving  the  cranium  in  the  jugular  bulb  lag  only  slightly  behind 
those  in  the  arteries. 

As  early  as  1884  Isaac  Ott  of  Philadelphia  produced  hyperthermia  in 
animals  by  brain  puncture  and  concluded  that  the  centers  concerned 
were  in  the  tuber  cinereuni.’^”'’  Barbour'^  showed  that  heating  or  cooling 
the  brain  in  the  region  of  the  thalamus  induced  reactions  normally  asso¬ 
ciated  with  thermal  regulation,  while  Isenschmid  with  KrehF®  and 
Schnitzler^^  demonstrated  that  the  tuber  cinereum  was  indeed  concerned. 
Some  of  the  conclusions  of  the  second  of  these  papers  have  been  translated 
and  quoted  by  Blair  and  Keller^"*"  and  may  be  profitably  requoted  here. 


We  have  concluded  that  the  part  of  the  diencephalon  which  lies  on  the  optic  chiasm  is, 
as  far  as  it  is  located  in  front  of  the  posterior  edge  of  the  chiasm,  unnecessary  for  heat  regula¬ 
tion.  According  to  our  findings  there  is  no  reason  to  assume  that  there  is  a  heat  regulating 
center  more  caudal  than  the  tuber  cinereum.  The  pathways  which  carry  forth  impulses 
from  the  tuber  cinereum  lie  in  the  caudal  part  of  the  midbrain  scattered  over  the  ventral 
and  medial  part  of  the  transverse  section;  also  in  the  anterior  part  they  are  not  joined  in 
tight  bundles.  A  part  of  these  conducting  paths  is  able,  even  when  important  parts  of  the 
remaining  paths  are  eliminated,  to  maintain  perfectly  heat  regulation.* 


These  statements  have  been  amplified  and  confirmed  by  Keller  and 
Blair*'^  and  have  needed  little  modification.  In  all  cases  reactions  from  any 
part  of  the  centers,  even  if  limited  to  one  side  of  the  brain,  are  symmetrically 
bilateral.  In  1913  H.  H.  Meyer^^^  suggested  for  the  first  time  that  thermal 
control  might  depend  on  a  balance  between  two  centers,  one  functioning 
to  prevent  excessive  heat  loss  and  the  other  excessive  heat  gain.  This 
hypothesis  has  had  much  confirmation  and  remains  the  most  probable 
explanation.  The  main  center  for  the  prevention  of  overcooling  lies  in 
t  e  posterior  hypothalamus  somewhat  caudal  to  the  position  assigned  by 
Isenschmid.  The  center  preventing  overheating  lies  more  anteriorly  in  the 
ne^hborhood  of  the  nuceli  supraopticus  and  paraventricularis. 

i  he  locahza^tions  mentioned  are  supported  by  many  observations  which 
are  less  specific  in  their  implications.  The  absence  of  complete  thermal 
regulation  in  spinal  animals,  as  well  as  in  accidental  high  s^ial  transec- 
mns  in  man,  has  long  been  known.  Thermal  regulation's  .also  absenrin 
cats  decerebrated  at  the  upper  level  of  the  pons,i<5  even  though  such 
preparations  be  kept  alive  for  weeks.  Yet  a  capacity  to  resist  cold^mav  be 
found  following  decerebration  at  a  slightly  higher  level  21  nnd  mav  a  ' ' 
m  an.mals  which  fail  to  show  pantfng  '^esptserto  hea^  Cchaillsms 

riiemiogenic  Meclianisiu  without  Affe^rtinVthJ  Elimination  of  the  Hypothalamic 

J.  Neuropath.  &  Exper.  Neurol.  5.‘240-256,^1946  *  the  Heat  Loss  Mechanism. 
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to  depend  on  irritation  of  centers  and  no  relation  is  found  to  any  fall  of 
temperature;  more  commonly  there  is  pyrexia.  Again  Thauer^®®  has  de¬ 
scribed  partial  regain  of  thermal  regulation  in  rabbits  following  high 
spinal  sections,  which  has  caused  much  controversy Yet  it  is  admitted 
that  animals  after  a  high  transection  of  the  cord  gradually  recover  much 
of  their  i)eriphcral  vascular  tone  so  that  loss  of  heat  from  the  skin  is 
likely  to  be  much  reduced  below  the  levels  obtaining  at  an  earlier  stage. 
Blood  vessels  in  the  limbs  have  also  been  demonstrated  recently  to  be 
affectetl  by  thermal  stimuli,  even  in  the  absence  of  connections  with  the 
spinal  cord  (see  ])p.  150  and  17(5)  so  that  the  vasomotor  tone,  once 
existing,  might  be  varied.  Metabolic  changes  induced  through  endocrine 
mechanisms  also  are  not  impossible.  The  controversy  is  likely  to  depend 
more  on  minor  misunderstandings  and  differences  in  definition,  than  on 
imperfect  technic,  such  as  has  been  suggested  by  Thauer’s  opponents. 

Disturbance  of  thermal  control  has  been  described  by  Pinkston,  liard 
and  Riocld^-  following  decortication.  Following  unilateral  decortication 
there  occurred  a  vasodilatation  and  raised  surface  temperature  on  the 
opposite  side  of  the  body,  while  bilateral  decortication  induced  a  general 
dilatation  of  the  skin  vessels,  so  that  vasoconstriction  to  cold  was  induced 
less  readily.  The  absence  of  bilateral  symmetry  following  even  a  unilateral 
lesion  distinguishes  such  reactions  from  those  typically  concerned  with 
thermal  regulation.  One  part  of  the  effects  seems  therefore  due  to  an 
upset  in  the  basic  vasomotor  j)attcrn,  rather  than  in  the  fundamental 
thermal  reflex  reactions.  Confirming  this  juiint  of  view  was  the  occurrence 
of  similar  vasomotor  changes,  if  the  motor-sensory  cortical  areas  alone 
were  removed. 

These  animals  also  showed  an  exaggerated  shivering  in  response  to 
cold,  which  might  continue  even  after  a  marked  increase  had  occurred  in 
rectal  temperature.  On  the  other  hand,  their  response  to  overheating  was 
subnormal  and  delayed.  The  ])olypneic  response  did  not  become  evident 
until  a  (piite  abnormal  increase  in  rectal  temperature  had  developed.  This 
whole  complex  is  not  readily  explained  by  the  simple  background  of 
cutaneous  vasodilatation,  which  might  impair  vasoconstrictive  jirotcction 
against  cold.  A  simpler  explanation  would  be  a  depression  of  sensory  im¬ 
pressions  of  warmth  with  a  consequent  lack  of  balance  between  sensations 
of  cold  and  warmth.  The  suggestion  that  this  lack  of  balance  depends  on 
the  cutaneous  vasodilatation  might  be  correct  but  is  unlikely  to  be  so, 
since  such  dilatation  normally  depres.scs  sensations  of  cold  rather  than 
exaggerates  them.  It  seems  more  ,)robable  that  the  paths  of  transmission 
of  the  two  sensations  are  not  identical  and  that  the  lesions  have  interfered 

more  with  those  for  warmth  than  with  those  for  cold.  ,  • 

d'he  thalamic  nuclei  which  i)resumably  take  jiart  lu  the  ransinissioi 
of  thermal  sensations  to  the  cortex,  probably  also  serve  m  the  transmis¬ 
sion  of  such  .sensations  to  the  anterior  hypothalainns,  for  numerous  con- 
r.i:.  H.K.rs  are  ..e.eril.c.,,  ■„  U,e  .^;-Hic,ae,i  annaal^ 
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has  described  fibers  entering  tlie  caudal  end  of  the  hypothalamus  through 
the  mammillary  peduncle  and  considers  them  to  form  an  important  sensory 
path  Their  existence  in  man,  however,  is  doubted  by  Ingram,®®  and  their 
implication  in  causing  the  results  described  is  mere  hypothesis  with  no 
experimental  evidence  whatever  to  support  it.  However,  more  knowledge 
of  the  connecting  jiaths  to  centers  in  these  areas  is  badly  needed. 

Dual  Subsidiary  Centers.  The  dual  subsidiary  centers  can  readily  lie 
established  as  existing,  since  it  is  not  difficult  in  experimental  work  to 
remove  the  more  anterior  center  while  leaving  the  more  posterioi  still 
functioning.  Then  protection  against  overcooling  is  good,  and  against 
overheating  poor.  The  exact  delimitation  of  these  centers  is  much  more 
difficult.  Interference  with  function  could  develop  if  either  the  sensory 
tracts,  which  enter  a  center,  or  the  motor  paths,  which  leave  it,  could  be 
obliterated,  so  that  it  is  very  difficult  to  distinguish  between  injury  to 
centers  and  similar  damage  of  afferent  or  efferent  paths.  The  positions  of 
the  fibers  are  very  difficult  to  identify. 

Anterior  Center  for  Heat  Dissipation.  The  anterior  center  for  heat 
dissipation  appears  to  exist  in  the  neighborhood  of  the  nucleus  supra- 
opticus  or  of  the  nucleus  paraventricularis,  and  may  possibly  include  some 
or  all  of  the  cells  of  both  these  nuclei.  Local  heating  of  this  area  in  the 
unanesthetized  animal  was  attained  by  Magoun  et  al.^^'^  by  locating  small 
electrodes  in  this  area,  and  later  warming  the  tissues  between  them  by  the 
passage  of  high  frequency  currents.  Such  local  warming  produced  typical 
reactions  to  overheating  without  rise  in  rectal  temperature.  Even  so 
thermal  spread  might  cause  reactions  from  areas  somewhat  outside  the 
real  centers.  In  any  case  the  centers  may  lie  in  this  area  of  highly  vas¬ 
cularized  tissue  with  many  unusual  types  of  cell.* 

Posterior  Heat  Conservation  Center.  The  location  of  the  posterior 
heat  conservation  center  is  much  more  difficult  to  assess.  The  posterior 
hypothalamic  nucleus  contains  large  nerve  cells  of  type  similar  to  those  in 
the  supposed  anterior  center'^  but  the  blood  supply  is  quite  small.  Areas 
in  the  posterior  hyjiothalamus  that  are  well  vascularized  include  the 
corpora  mammillaria,  which  occupy  a  position  close  to  that  of  the  center; 
yet  the  corpora  mammillaria  can  be  removed  without  loss  of  heat  control’ 
so  that  presumably  they  are  not  involved. 


TEMPERATL  RE  CONTROL  CENTER  AND  COORDINATION  OF  THE  DU  AT 

SUBSIDIARY  CENTERS 

A  nerve  center  must  be  visualize,!  as  a  functional  center,  not  necessarily 
organize,!  as  an  anatomical  unit.  The  center  for  teiniierature  control  acts 

These  'T"  I'f*  centers  located  in  different  areas 

These  are  only  ,lemonstral)le  as  imlepemlent  when  the  organization  has 

ment  between  areas  sensitive  to  heat  and  those  a  e\i,  ence  was  good,  with  excellent  agree- 
tion.  However,  the  artoirsnm  Iv  of  tte  ^  essential  to  control  of  heat  dissipa- 

from  branches  of  the  anteriol  cerebral  arler  esT  Ir'  ""dci  is  derived 

Heating  or  surgical  interference  in  this  area  might  thus  ’T  !  ',7“®  ‘  ‘  «gioii.“ 

emphasis  here  placed  on  the  histologic  ^  ^Sn^^lfop'::^ 
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been  upset.  Ihe  subsidiary  centers  for  heat  ilissipation  and  for  heat  con¬ 
servation  also  need  not  be  single  anatomical  units.  The  first  appears  to  be 
tairly  definitely  localized  and  gives  anatomical  evidence  of  special  differ¬ 
entiation;  the  second  shows  no  such  characteristics  and  could  consist  of 
scattered  cells  coordinated  in  action  but  not  an  anatomical  entity.  The 
hypothalainus  itself  is  merely  a  larger  center  acting  as  an  integrator  of  a 
number  of  autonomic  functions,  which  are  here  regulated  and  controlled. 
Of  these  temperature  is  one,  water  balance  a  second,  fuel  supply  of 
carbohydrate  and  fat  a  third,  vasomotor  control  of  the  transport  system 
a  fourth,  regulation  of  chemical  products  such  as  endocrines  a  fifth,  and 
so  forth.  1  hese  functions  are  not  mutually  exclusive  but  rather  inclusive. 
Cells  belonging  to  a  center  for  temperature  control  are  not  thereby  ex¬ 
cluded  from  forming  parts  of  centers  concerned  in  water  balance  or 
vasomotor  regulation.  The  centers,  when  functioning  adequately,  behave 
as  an  ideal  socialist  municipal  government  working  on  a  real  cooperative 
basis  and  devoid  of  politics.  In  such  an  idealized  organization,  a  unit  con¬ 
cerned  with  heating  might  have  close  association  with  the  regulators  of 
fuel  supply  and  might  find  it  convenient  to  run  refrigeration  as  a  side  line 
if  demands  for  heat  were  irregular;  so  it  might  be  in  control  of  body 
temperature. 

It  is  also  necessary  to  realize  the  high  consumption  of  fuel  and  produc¬ 
tion  of  heat  associated  with  the  function  of  nerve  centers.  Attention  has 
been  drawn  already  (p.  to  the  fact  that  metabolism  rises  with  tem¬ 
perature,  so  that  on  an  average  there  is  an  increase  of  some  two-  to 
threefold  for  each  rise  of  10°  C.  Consequently  if  thermostasis  fails  and 
the  body  temperature  rises,  the  heat  production  is  greater.  A  vicious  circle 
is  readily  set  up,  which  constitutes  the  great  danger  of  heat  stroke.  Indi¬ 
vidual  chemical  reactions  differ;  some  are  more  sensitive  to  temperature 
than  others.  Those  of  the  body  usually  show  optimal  levels,  above  which 
rates  of  reaction  are  slowed;  if  a  reaction  dciicnds  on  the  action  of  a 
thermolabile  catalyst,  such  reactions  must  be  slowed  at  temperatures 
which  destroy  the  catalyst. 

A  ready  safeguard  for  the  organism  against  hyperthermia  would  be  a 
center,  the  activity  of  which  was  grossly  exaggerated  by  slight  increases 
in  temperature  with  an  optimal  temperature  which  was  relatively  high. 
Increased  activity  would  demand  a  high  siqqily  of  both  food  and  oxygen, 
which  could  be  met  if  the  blood  cajiillaries  were  numerous.  To  attain 
efficient  control  refrigeration  induced  as  a  protective  measure  m  t  le 
peripheral  areas  of  the  body  should  be  able  to  cool  the  centers  as  soon  as 
it  is  brought  into  action.  The  close  jiroximity  of  the  capillaries  to  the  cells 
would  make  this  possible.  Advent  of  unexpected  cold  from  the  environ¬ 
ment  would  stimulate  exteroreceptors  and  activate  the  more  caudal  heat 
conservation  center.  This  in  turn  could  inhibit  quantitatively  the  activi  y 

of  the  more  anterior  heat  dissipating  center.  tlie 

The  anterior  center  controls  evaporative  cooling,  and  hus  extends  he 

range  of  conditions  within  which  control  can  l.c  atta.ncd.  In  « 

animals  this  is  achieved  hy  ,a.ly|.nea  hnt  ,n  the  ^ 

stelfhlrThe  colder  differentiated  for  snch  control  ,s  therefore  proh- 
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ably  part  of  the  centers  existing  in  lower  forms  for  the  control  of  water 
balance. 

The  more  posterior  center  is  probably  the  more  primitive  of  the  two 
centers.  In  any  case  it  appears  to  be  able  to  maintain  an  adequate  control 
at  a  temperature  level  that  is  approximately  normal,  even  in  the  complete 
absence  of  the  heat  dissipating  center.  Only  at  high  environmental  tem¬ 
peratures  is  control  inadequate.  The  mechanism  of  the  posterior  center 
must  therefore  be  one  capable  of  achieving  such  a  result.  The  optimal 
temperature  for  general  reflex  responses  in  the  spinal  cat  was  found  to  be 
35  to  38°  C.  (95  to  100°  F.)  above  and  below  which  levels  reactions  were 
diminished.^®"  If  the  optimal  temperatures  for  the  heat  conservation 
center  were  at  36°  C.,  or  rather  lower,  the  control  could  be  attained. 
Spealman^®^  gives  evidence  that  this  is  a  critical  level.  Reflex  stimulation 
of  the  center  would  occur  through  sensory  impulses  from  cold  receptors 
and  these  would  have  a  greater  stimulating  effect  the  lower  the  tempera¬ 
ture  of  this  eenter.  The  relaxation  of  vasoconstriction  and  disappearance 
of  shivering  as  the  temperature  rose  would  allow  a  balance  to  be  attained. 
If  the  central  temperature  fell  much  below  35°  vasoconstriction  and  shiv¬ 
ering  might  continue,  since  the  skin  would  be  cold  and  the  sensory  effect 
might  be  intense  enough  to  outweigh  any  commencing  loss  of  sensitivity 
in  the  center. 

If  the  posterior  hypothalamic  nucleus  is  concerned  in  this  response,  it 
may  be  significant  that  it  contains  large  cells  of  the  type  found  in  the 
nucleus  paraventricularis  but  without  a  comparable  large  blood  supplv. 
Inereased  activity  at  high  temperatures  might  be  limited  by  an  inadequate 
supply  of  oxygen.  The  addition  of  a  more  anterior  center  with  a  greater 
sensitivity  to  thermal  changes  and  a  higher  optimal  temperature  and  a 
more  adequate  blood  supply  could  make  the  control  much  more  effective 
at  high  levels.  Such  might  be  the  contribution  of  a  later  stage  of  develop- 
rnent  by  evolution  of  the  anterior  center.  If  this  is  true  one  would  expect 
the  anterior  center  to  be  the  more  sensitive  to  changes  in  temperature 
and  the  posterior  center  to  be  the  more  readily  affected  by  sensorv  im¬ 
pulses.  This  appears  to  be  the  case.  A  fall  of  temperature  without  shivering 
IS  common  provided  that  skin  stimulation  is  slight.  Reflex  effects  on  the 
two  centers  show  no  obvious  quantitative  differences  as  far  as  vasomotor 
changes  are  concerned  but  reflex  initiation  of  shivering  is  more  in  evidence 
than  reflexly  produced  sweating. 

Some  attempt  should  be  made  to  provide  at  least  tentative  hvpotheses 
or  the  shift  m  the  level  of  thermal  control  during  exercise,  that  has^alreadv 

ered  the  <;iin  ^6  •  r  ^^Peiature  is  raised,  surface  temperature  is  low- 
Thpi!  the  ’’lood  penetrating  the  mn.cle  to 

throngh  the  mnsr^eT^^l^or  l^ifodrese 

was  atfaS' T'"' 

scions  sensory  impressions  of  cold  arrLVCTieimed''anTam^''s\f  I  "tl 

ring  exercise  the  blood  is  very  acid,  and  the  published 
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values  for  blood  pll  in  the  literature  would  he  even  lower,  if  corrections 
had  been  made  for  the  raised  temperature  of  the  blood.  The  direct  effect 
of  a  rise  in  temperature  is  a  decrease  in  ])II  of  about  0.04  units  ])er 
degree  C.  This  decrease  in  pll  is  not  so  simple  as  it  seems  for  the  dissocia¬ 
tion  of  water  is  altered  and  ])01I  is  also  reduced,  though  the  net  effect  is 
an  increase  in  the  ratio  of  11+  to  011“  ions.^'*  On  the  other  hand,  with 
pyrexia  without  exercise,  an  increased  respiration  with  deep  breaths  (  not 
the  polypneic  type  of  response  with  shallow  resiiiration)  is  seen  in  which 
COo  is  lost-  and  the  blood  is  rendered  alkaline  (even  if  the  values  are 
corrected  for  the  increase  in  tem])crature  of  the  blood) .  In  pyrexia  with 
exercise  the  blood  is  abnormally  acid,  in  pyrexia  at  rest  abnormally  alka¬ 
line.  It  is  possible  that  such  changes  modify  the  relative  sensitivities  of 
the  two  balanced  centers,  though  there  is  no  evidence  for  it. 

It  is  suggested  that  the  reader  pause  here  and  review  this  section.  lie 
may  conclude  that  it  is  couched  in  unscientific  terminology  and  that  it 
also  has  no  satisfactory  basis  in  scientific  fact.  The  writer  would  agree 
with  such  a  point  of  view.  This  section  as  written  is  unscientific.  It  would 
better  be  classed  as  imagination,  and  impure  at  that.  It  has  been  so 


written  to  emphasize  our  ignorance,  for  none  of  the  material  can  be 
replaced  by  solid  scientific  facts,  dhe  writer  can  only  hoj)e  to  stimulate 
the  imagination  of  the  reader,  so  that  he  or  she  perhaps  may  devise  experi¬ 
mental  tests  of  hypotheses,  or  lay  a  sounder  foundation  for  future 

livpo  theses. 

Mnninialiiin  physiolof^ists  lijive  been  so  fooled  by  <i  fictitious  belief  in 
the  constancy  of  the  temperature  of  the  whole  body,  that  little  work  has 
been  accomplished  on  temperature  as  a  variable  factor.  There  is  no  doubt 
that  blood  snpplving  the  skin  commonly  has  a  tcmpciatnrc  varring 
through  5,  10  or  eVen  20°  C.  in  a  single  circulation;  the  temperatures  of 
skeletal  muscle  in  the  limbs  have  been  .shown  to  vary  over  a  range  of  10 
or  more  between  rest  and  exercise.  Elaborate  and  very  valuable  nomo¬ 
grams  have  been  constructed  to  represent  the  exchanges  between  arteria 
and  venous  blood  for  these  tissues;  many  variables  are  considered  but 
temperature  is  not  one  of  them.  The  nomograms  rc,>resent  theoretical 
idealized  conditions  that  are  rarely,  if  ever,  in  existence  in  such  tissues 
Some  attempt  has  been  made  to  include  temperature  as  a  variable  u 
considering  the  blood  of  poikilothermic  animals.'-  In  so 
the  blood  has  been  assumed  to  remain  unchanged,  while  .actually  the  pTl 
of  blood  alters  greatly  with  changing  temperature  and  is  by  no  means  .a 
constTnt  The  Ltmal  observed  changes  in  pII  may  readily  exceed  0 
units  Mf  little  is  known  of  the  effects  of  temperature  on  blood 

ssi  I..  a. 
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i)erature  have  rarely  been  so  explored.  The  whole  foundation,  including 
physical  chemistry,  biophysics,  neurology  and  other  aspects  of  physiolop, 
needs  to  be  relaid.  Appreciation  of  the  large  gaps  in  our  present  knowledge 
is  essential  to  the  planning  of  future  research  in  this  field. 

Sensory  and  Reflex  Factors  in  Thermal  Control.  There  is  much  evi¬ 
dence  of  the  existence  of  large  sensory  reflex  effects  in  temperature  contro 
The  commonest  are  the  well-known  shivering  responses  to  cold,  which 
may  be  seen  even  while  the  rectal  temperature  is  actually  raised,  or  the 
panting  which  may  develop  in  dogs  on  lying  in  the  sun  at  a  time  when 
the  rectal  temperature  is  falling.  Such  evidence  is,  however,  less  conclusive 
than  it  was  thought  to  be.  Modern  knowledge  of  the  rapid  blood  flow  to 
the  brain  and  of  the  high  metabolism  in  that  organ  makes  it  theoretically 
possible  for  the  brain  temperature  to  be  rising  when  the  rectal  tempera¬ 
ture  is  falling.  Actually,  however,  this  is  probably  not  the  case  in  the 
conditions  under  discussion.  The  rise  in  rectal  temperature  in  the  early 
response  to  cold,  like  that  which  has  been  described  as  occurring  in  large 
arteries,  depends  on  vasoconstriction  slowing  the  return  of  cooled  blood 
from  the  periphery.  It  almost  certainly  implies  a  rise  in  temperature  of 
the  aortic  blood,  and  in  this  case  the  rise  within  the  brain  centers  might 
be  even  greater  and  more  rapid  than  that  in  the  rectum. 

Other  additional  evidence  exists  which  is  not  liable  to  such  criticisms. 
Thus  sweating  may  be  readily  induced  by  the  spurious  sensation  of 
warmth  in  the  mouth  conferred  by  curry  powder,  pepper,  or  other  similar 
condiments.  Such  reactions  must  depend  on  reflex  effects  for  no  actual 
rise  in  temperature  is  induced. 

There  is  unequivocal  evidence  of  reflex  vasoconstriction  in  other  areas 
induced  by  immersion  of  a  limb  in  cold  water,  even  though  the  circulation 
through  the  cooled  limb  has  previously  been  occluded. The  vasomotor 
change  develops  immediately  but  is  transient.  The  reflex  response  may 
be  responsible  for  the  rapid  adjustments  rather  than  for  the  maintenance 
of  the  new  state.  If  a  hot  stimulus  is  applied  to  a  limb  with  the  circulation 
occluded,  vasoconstriction  rather  than  dilatation  is  caused  in  other  areas. 
The  sensation  of  heat  depends  on  fusion  of  a  paradoxically  induced  sen¬ 
sation  of  cold  with  one  of  warmth  and  is  commonly  accompanied  bv  some 
pain.  The  vasoconstriction  is  probably  a  reaction  to  one  or  both  of  these 
factors. 

According  to  Pickering’^o  no  reflex  vasodilatation  is  to  be  observed  as 
the  result  of  stimulation  of  a  limb  by  warmth.  Vasodilatation  in  other 
areas  may  be  induced  after  some  minutes,  but  it  is  not  seen  when  the 
circulation  is  occluded  and  it  can  be  explained  as  caused  by  an  actual  rise 
m  deep  body  temperature.  On  the  other  hand,  Duthie  and  I^Iackav'’» 
(  escribe  reflex  increases  m  skin  temperature  induced  bv  immersion  of  a 
limb  m  hot  water,  and  find  that  this  is  not  abolished  by  occlusion  of  the 
circulation  In  neither  series  of  experiments  was  the  change  in  skin  tem¬ 
perature  observed  until  after  several  minutes,  usuallv  five  to  seven 
minutes.  " 

The  latency  is  so  long  that,  at  first  glance,  it  wonhl  seem  to  exclude  anv 
reflex  causation.  However,  the  conditions  for  the  development  of  reflex 
xasoconstriction  to  cold  and  of  reflex  dilatation  to  heat  are  very  different 
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The  response  to  cold  lowers  thermal  conductance,  limiting  the  changes  to 
tlie  area  involved,  and  allowing  a  simple  gradual  cooling.  Reflex  vasodila¬ 
tation,  on  the  contrary,  would  introduce  warm  blood  into  peripheral  tissues 
but  this  would  be  accompanied  by  a  lowered  tissue  insulation,  an  increased 
theimal  conductance,  which  would  at  once  tend  to  distribute  heat  more 
evenly Cool  blood  would  return  in  larger  volumes  in  venae  comites, 
the  entering  arterial  blood  would  be  cooled  thereby,  and  the  whole 
peripheral  rise  in  temperature  might  be  masked.  Thus  an  initial  rise  of 
surface  temperature  can  develop  at  once  jierijiherally,  as  has  been  de¬ 
scribed  in  the  fingers  by  Randall  et  yet  no  such  rise  might  be 


Fig.  The  graphs  represent  temperature  changes  observed  on  the  two  hands  of  a  subject 
exposed  in  warm  clothing  in  a  room  at  20°  C.  (08°  F.)  with  the  hands  in  a  refrigerator  at 
—  16°  C.  (-f3°  F.).  The  abscissae  represent  time  in  minutes  and  the  ordinates  surface  tem¬ 
perature  in  °  C.  The  left  hand  wore  a  glove  combination  with  somewhat  lower  insulation 
but  with  greater  heat  capacity  than  that  of  the  right.  After  forty  minutes  the  left  hand 
had  to  be  withdrawn  as  the  result  of  pain,  and  the  later  temperatures  on  this  hand  indicate 


the  recovery  in  the  room  while  still  covered  with  the  glove.  ^  . 

The  “tolerance”  time  for  the  right  hand  was  sixty-one  minutes.  The  interference  of  reac¬ 
tions  of  vasodilation  with  the  progressive  fall  of  temiierature  is  obvious. 

Temperatures  observed  on  the  palms  and  backs  of  the  hand  have  been  plotted  relative 
to  another  base  line  to  allow  the*readings  to  be  made  more  readily 


detected  in  more  central  surface  areas  owing  to  the  central  spread  of  cold. 
Unpublished  observations  on  intravascular  temperatures  have  indicated 
that  an  almost  immediate  rise  of  temperature  may  be  seen  m  a  dorsalis 
pedis  artery  on  insertion  of  the  arms  in  hot  water.  On  the  other  hant , 
immersion  of  a  single  hand  in  hot  water  may  cause  an  almost  immediate 
fall  in  temperature  in  the  l.rachial  artery,  eve,,  o,.  the  san.e  sale.  1  her  .al 
methods  of  the  ordinary  type  are  not  adapted  for  f 

of  vasodilatation,  with  its  complex  r«.dj..stme..ts  of 
Fven  when  blood  flow  is  measured  liy  plcthysmographic  methods,  t 
L  'et  of  dilation  is  said  to  be  delayed.-.  -  However,  central  spread 
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of  cooled  blood  with  fall  of  arterial  temperature  in  central  vessels  might 
tend  to  maintain  or  even  to  reinstate  vasoconstriction. 

The  complex  temperature  changes  which  accompany  vasodilatation 
and  which  are  dependent  on  the  effects  of  venae  comites  may  be  illustrated 
by  an  example.  The  cooling  of  the  two  hands  of  a  subject  is  represented 
in  Figure  22.  The  subject  sat  warmly  clad  in  a  room  at  20  C.  (68  F.)  and 
the  gloved  hands  were  inserted  into  an  ice  box  at  16  C.  (-|-3  F.)  until 
pain  became  intolerable.  The  figure  shows  the  temperature  changes  at 
five  points  on  the  surface  of  each  hand.  After  forty-two  minutes  the  left 
hand  (which  was  covered  by  inferior  insulation)  had  to  be  withdrawn 
from  the  box  at  — 16°  to  the  room  at  20°  C.  It  is  the  changes  in  tempera¬ 


ture  on  rewarming  that  warrant  special  attention.  The  temperatures  on 
the  fingers  and  thumb  immediately  rose  rapidly  to  reach  that  of  the  air, 
but  the  temperature  on  the  back  of  the  hand  continued  to  fall  slowly. 
The  temperature  on  the  palm  remained  unchanged  for  four  minutes  and 
then  fell  (in  a  much  warmer  environment!)  abruptly  to  20°  C.  At  this 
time  the  whole  hand  assumed  a  temperature  of  20°  C.,  which  presumably 
was  close  to  the  average  temperature  of  the  hand.  The  vasodilatation 
had  obliterated  local  gradients.  Since  the  temperature  reached  happened 
to  be  that  of  the  air  in  the  room,  little  exchange  of  heat  occurred  on  the 
surface,  yet  the  temperature  was  slow  to  rise.  The  fingers  had  been 
warmed  at  the  expense  of  the  center  of  the  hand.  Cool  blood  returning 
from  the  fingers  had  cooled  the  arterial  blood  in  the  palmar  arch.  This  in 
turn  had  cooled  the  surface  of  the  palm.  The  process  involved  was  redis¬ 
tribution  of  heat.^® 

This  instance  illustrates  well  how  diffieult  it  may  be  to  judge  the  delay 
in  onset  of  dilatation  in  the  presence  of  such  complexities.  The  temjiera- 
ture  of  the  surface  of  the  skin,  with  possible  exception  of  that  of  the 
fingers,  is  not  a  good  index.  Other  factors  might  also  play  a  part;  and  are 
discussed  by  Pickering  and  Hess.^^^ 


Reflex  effects  on  thermal  control  may  be  exerted  as  the  result  of  cold, 
warmth,  or  pain  stimuli.  The  milder  thermal  sensations  are  utilized  in 
heat  control,  the  more  violent,  particularly  when  accompanied  by  pain, 
may  break  through  normal  controls  to  initiate  protective  reflexes  Their 
mam  interest  in  this  chapter  depends,  then,  on  such  interference.  Pain 
rom  heat  obviously  leads  to  inflammatory  reactions,  but  the  reactions  to 
the  pain  of  cold  have  been  less  clearly  distinguished  from  the  normal 
thermal  responses.  Tolerance  tests  to  cold  have  been  used  so  much  in 

be^aSed  Physiological  basis  must 


In  Ti."**'  subjects  are  exposed  to  extreme  temperatures 

in  which  the  surface  temperature  falls  rapidly.  Pain  is  commonK  «neri! 

enced,  particularly  m  the  hands  and  feet,  and  mav  be  intolerable  or  very 
doe  '^arsurf  "''‘•y  <•>"''  frequenth 

•r’  1  •  *™'’e>'“t'ires  on  the  exposed  extremities  of  the  order  of 

has  been  obtained  in  a 

tore  in  a  distant  artery  asTe  S  ot  yasc^ilatation  and  rise  in  tempera, 

rapidly  in  the  external  iliac  artery  and  jugukr  bulb'  temperature  also  developed 

three  to  font  nrinntes  and  could  nJt  acconm t  tire tS  retrtS^  for 
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about  7  C.  (45  ^  •)»  so  that  the  onset  of  ])ain  is  used  often  as  an  indication 
of  tlie  rate  of  cooling,  dhis  is  only  true  in  the  crudest  sense.  Pain  develops 
not  at  a  temperature  level  but  rather  at  a  definite  rate  of  change  modified 
by  level.  ^lore  ])robably  it,  like  the  true  thermal  sensations,  is  determined 
in  reality  by  a  sjiatial  gradient.  Thus  a  hand  put  rapidly  into  ice  water 
becomes  extremely  painful;  the  i)ain  is  intolerable.  If,  however,  the  rate 
of  cooling  is  slowed  by  intermittentlv  removing  the  hands  from  the  water, 
the  surface  of  the  hands  may  be  cooletl  to  a  level  of  4°  C.  within  some 
fifteen  to  thirty  minutes  without  intolerable  pain.  Again  if  the  hands  first 
be  cooled  in  a  moderately  cold  room,  as  for  instance  by  sitting  lightly 


cla.I  in  a  ronni  at  ^  C.  K.)  for  l.alf  an  bonr  or  more,  a  band  can  Ik 

■dnnKcd  into  ice  water  and  be  maintained  tberc  witliont  tlic  i>a,n  ever 
becoming  intolerable.  Under  all  con.litions  Ibe  pan,  expe,;.enced  more 

intolerable,  tbongb  not  moi-e  intense,  tbc  lai'gcr  tbe  '  '  j 

with  warm  bands  one  finger  may  be  plunged  into  ice  watc  and  be  kc, 
there.  It  becomes  very  painful,  but  over  tbe  smaller  area  Ibe  pan,  is  no 
intolerable.  This  is  merely  evidence  that  tbe  pan,  shows  marked  spatial 
summation,  not  in  affecting  the  estimate  of  the  intensity  o  I'""' > 
that  of  its  tolerability.  Tolerance  tests  are  valuable,  but  only  if  sneb  linn- 

tations  are  understood. 
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When  a  limb  is  rapidly  cooled  and  such  pain  develops,  the  onset  of 
intense  pain  is  commonly  preceded  by  a  sudden  more  rapid  drop  in  tem¬ 
perature.  Probably  a  spasm  of  some  small  artery  has  been  induced,  or 
vasoconstriction  plus  increased  apparent  viscosity  of  the  lilood  has  unduly 
hindered  blood  flow.  It  is  not  unlikely  that  such  a  vasomotor  spasm  may 
be  ])articularly  a{)t  to  occur  at  an  absolute  temperature  of  about  10  C. 
A  rapid  vasodilatation,  probably  induced  in  reaction  to  the  pain  may  then 
ensue  and  raise  the  temperature  of  the  part  through  many  degrees  within 
a  few  minutes. 

The  characteristics  of  such  cooling  reactions  and  protective  vasodilata- 
tions  may  be  illustrated  by  the  data  shown  graiihically  in  Figures  2^2, 
2S  and  24.-'^’  In  Figure  22,  the  recovery  of  the  left  hand  on  removal 
from  the  refrigerator  has  already  been  discussed.  During  exposure  to  cold 
this  hand  was  relatively  poorly  protected  and  only  minor  attempts  at 


r  graphs  represent  temperature  changes  in  the  two  gloved  hands  of  a  subject 

8° V  rio  F  r  /u";  '  clad  in  a  room  at 

i»  U.  (t)4  1 .)  with  the  hands  inserted  in  a  refrigerator  at  -S2°  C.  (  —  25°  F  )  The  subject 

had  been  previously  in  a  warm  room  and  had  only  a  brief  exposure  to  the  cool  room  before 

-d  are  the  same 


protective  vasodilatation  were  m  evidence,  even  though  the  subject  was 

armly  dad  and  only  local  cooling  was  concerned.  The  right  hand  had 

better  insulation  and  cooled  more  slowly.  Tolerance  time  was  longer  and 

protective  vasodilatation  much  more  marked.  Figure  23  represents  a 

similar  experiment  carried  out  twenty-four  hours  earlier  o^tb 

subject  wearing  the  same  gloves.  The  refriventnr  tf. 

same  (—16°  C  3°  F  j  but  tb^^  \  •  4-  ^  temperature  was  the 

of  the  ha„,ls  is  much  LleUid  and  fo  etlf 

local  vasodilatation.  Tolerance  times  mve  '  I’fotoctive 

between  the  two  gloves  since  the  nnor'  •  '  ""  ''I*.  difference 

ma.ske,l  hy  a  high  heat’ capacity  in  thrglove'’’ which^*'’'‘ 
wffh  the  n,ore  rapid  cooling.  The  cooling  of  two  hands  onr^lmfsid^e; 
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in  a  refrigerator  at  a  temperature  of  —25°  C.  (—18°  F.)  in  a  room  at 
18°  C.  (66°  F.)  is  represented  in  Figure  '^4.  The  subject  wore  liglit  cloth- 
ing,  but  he  had  previously  been  very  warm  and  noticed  no  general  cooling. 
IVIarked  protective  vasodilatations  were  observed  in  both  hands  and  these 
vasomotor  changes  were  not  in  phase  with  one  another. 

The  occurrence  of  pain,  following  sudden  precipitous  falls  in  tempera¬ 
ture  in  some  part  of  the  surface,  is  particularly  noticeable  in  the  right 
hand  in  Figure  22  and  in  both  hands  in  Figure  24.  Pain  precedes  the 
vasodilatation,  which  appears  tem})orarily  to  abolish  the  pain.  The  vaso¬ 
dilatation  does  not  appear  to  be  much  in  evidence  when  the  whole  body  is 
cooled  (Fig,  23)  ;  it  seems  to  accompany  conflicting  reflexes  from  a  warm 
body  and  locally  cooled  areas.  Some  subjects  (Fig.  24)  appear  to  show 
the  phenomenon  to  a  much  greater  extent  than  others.  Such  dilatations 
have  been  reported  as  a  common  jihenomenon  by  Dr.  II.  R.  Miller' and 
have  been  found  absent  or  rare  in  the  exiieriments  of  some  other  laliora- 
tories.  This  is  understandable,  since  much  depends  on  the  relative  protec¬ 
tion  given  to  different  parts  of  the  body.  The  data  of  Figures  22  to  24 
indicate  also  that  local  temperatures  may  fall  much  below  10°  C.  (50°  F.) 
without  becoming  intolerable,  if  the  aresi  affected  is  not  too  large.  Actually 
in  the  experiment  of  F'igure  24  the  left  little  finger  at  seventy-two  minutes 
was  firmly  frozen  to  the  glove,  and  some  evidence  of  damage  from  mild 
frostbite  was  detectable  several  days  after  the  experiment.  Yet  the  tem¬ 
perature  rose  spontaneously  and  this  hand  was  comfortable  at  the  time 
the  experiment  was  concluded,  though  pain  was  intolerable  in  the  othei 
hand.  Probably  flow  through  arteriovenous  anastomoses  plays  an  im¬ 


portant  role  in  such  responses. 

The  threshold  value  for  the  stimulus  to  cau.se  recognizable  pam  liy 
heat  may  be  measured  in  terms  of  heat  input,  even  though  the  real 
stimulus  may  be  a  thermal  gradient.  The  thre.shold  for  heat  pam  deter¬ 
mined  bv  stimuli  produced  by  radiation  was  a  stimulus  S'V'ng  a  heat 
transfer  of  0.218  cal./cm.Vsec.  applied  for  at  least  three  seconds  ‘  Pro  v 
ably  a  similar  threshold  exists  for  cold,i^«  though  it  need  not  have  the 

Sensations  of  Warmth  and  Cold.  Tlie  tnie  scns-i  .ons  of  ‘''■"I’''™"" 

differ  from  those  of  thermal  pain  in  that  '>> <=/ 1 1"  ’  ra’ted  hv  ih 
smaller  chanees  in  temperature.  Pam  is  probably  Kenerated  b\  mild 
L  ury  im,3  on  naked  nerve  fibrils.  'I'lie  value  of  speeihe  reeep  ors 
depends  on  the  development  of  mechanisms  greatly  lowering  the  tlire. 
or  a  partieiilar  tvpe  of  stimulus,  it  has  been  shown  that  the  threshold 
stimiiL  for  w.armtl.  is  about  I/IDOO  of  that  for  heat  pam. 

be  1  d  termined  utilizing  radiation  as  a  stiiiilillis; 

inerease  of  0.001”C./sec.  for  warmth  .and  "'^.i^^McGlone- 

cold.  V.alues  of  a  similar  .,||,'„v  precise  determina- 

ip  stirred  baths  but  the  method  1' '‘t*' w  I  a^^  cold) .  The 

:rpt^:s  V^vid:  eSenrmer^^ 

changes  by  the  thermal  gradients  that  they  mdiiee. 
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The  low  thresholds  are  in  strong  contrast  with  statements  to  be  found 
as  the  literature  (e.g.,  in  Kanson  and  Clark’s  Anatomy  of  the  Nervous 
Systemi^'-^)  that  thermal  receptors  are  not  stimulated  except  by  changes 
in  temperature  which  exceed  5°  C.  (9°  F.) .  The  discrepancy  depends  on 
a  failure  to  specify  the  effects  of  spatial  summation.  The  threshold  for 
the  stimulation  of  a  large  area  is  the  small  change  already  stated,  while 
that  for  a  spot  containing  probably  only  a  single  receptor,  or  a  small  group 
of  receptors,  is  of  the  order  of  a  change  of  some  3  or  4°  C.  produced  rapidly. 
Spatial  summation  is  even  more  marked  wdth  thermal  stimuli  than  it  is 
with  pain,  for  both  the  intensity  of  the  conscious  sensation  and  the 
threshold  vary  with  the  area  stimulated.  With  pain  neither  of  these  is 
so  affected.  The  threshold  for  each  sensitive  thermal  receptor  is  probably 
the  same  as  that  obtained  from  a  large  area.  Such  a  stimulus,  however, 
only  causes  occasional  impulses  in  the  connecting  nerve  fibers,  and  these 
impulses  fail  to  pass  synapses  in  the  cord.  Fibers  from  different  receptors 
converge  on  the  same  cells  in  the  cord  and  the  impulses  summate  and  so 
overcome  the  block.  The  quantitative  relationships  which  govern  such 
summation  have  been  established  by  Hardy  and  Oppel;^®  thus  the 
threshold  for  warmth  in  the  forehead  may  be  stated  in  the  form 


Log  1  +  0.78  log  A  = 


where  I  is  the  intensity  of  radiation  in  cal./cm.“/sec.  and  A  is  the  area  ir¬ 
radiated  in  cm. 2.  The  fact  that  the  intensity  of  sensation  depends  not 
only  on  the  radiation  but  also  on  the  area  affected  is  obviously  of  great 
importance  in  the  utilization  of  sensations  for  temperature  control  during 
the  period  of  rapid  adjustments  to  new  conditions. 

Some  of  the  evidence  for  the  sensations  being  caused  ultimately  by  a 
thermal  spatial  gradient,  rather  than  by  the  rate  of  change  which  creates 
such  gradients,  has  been  stated  in  the  preliminary  abbreviated  account. 
by^Bazetr^s^^  emphasized  further  as  other  references  may  be  found  cited 

m  Jst  concerned  in  heat  and  cold  sensations 

must  be  briefly  discussed  since  opposing  views  are  to  be  found  Jenkins®- 

has  claimed  that  the  traditional  views  are  ill  founded  and  depend  on 
adequate  examination  by  physiologists  with  mappings  made  only  once 

siderabkareacouTd  L  Sted  ^  Z  ""I  over  a  con- 

applied  for  only  a  ferseooZs  Tf  Z  “"  A'  diameter 

Psychologists  unfortunatelv  rarely  measZThft'"'’  'afge. 

.. .1  a,™., 
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is  a  conspicuous  factor  in  tliermal  sensation.  Such  sources  of  error  will 
not  he  excluded  by  repeated  seriatim  exploration;  in  fact  more  commonly 
they  may  be  introduced  by  such  an  attempt  to  obtain  statistically  valid 
data  in  inadequate  time.  The  recej)tors  for  warmth  and  cold  are  regarded 
by  Jenkins'*-  as  very  numerous,  reaching  values  of  several  hundred  ])er 
square  centimeter.  A  review  of  the  evidence  is  given  by  Stone  and  Jen¬ 
kins.^’'**  The  traditional  viewpoint  of  the  physiologist  is  that  accepted  here. 


2.0' 


1  2  3  4  5  6  mm. 

FiLr  ^>5  Composite  curves  i.uiicate  the  thermal  gradients  ol>served  in  the  forearm  up  to 

ALscfeae  i,..lioate  clepths  in  nm,.  .neasurcnol.ta  naule 

observed  relative  to  that  ret  ore  e  on  ^  '  ,.r-itiire  of  17°  C.  (ti'i.S'’  F.),  open  circles 

at  room  lonipcratun-s  liiglier  than  »'>  <■/«'  ™  ^  ^  |  „  „|,taiiio.l  cliiriag  iiiflaiiiniatory 

or » .a,.,:,. . . .  t,.. 

arc  shown  liy  crosses  joined  hy  a  dotted  line. 

'I'ltc  cold  .spets  are  ciisiderecl  liy  in...st  ph,vsi..l<i({ists  to  lie  Krause’s  end 
liull.s  nliniliering  some  (i  to  l-i  per  ‘I"'  ‘ 

possibly  liulfini’s  end  organs  I,*],;  ,|etermi,.e,l 

the.se  receptors  tor  the  skin  ot  ^  .  J  J  ,)  (j  for  Hufhni’s  re- 

and  is  about  0.1  mm.  tor  Krauses  and  0..1  ,  -A  g^^h  depths.'" 

cept()rs.  JTehitmicy  of  the  sensa^^^^^^^^^  surface  to  the 

p^raii  --- 

^  z  .izZgZZ ''ii-dies  ti,ese  gra,,:. 
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ents  in  the  first  few  millimeters  of  depth  (see  Fig.  25) .  These  gradients 
have  been  explored  by  Bazett  and  McGlonei"  ^nd  by  Mendelson.^i^  The 
gradients  demonstrate  a  peaked  rise  of  temperature  at  a  depth  of  about 
0.8  mm.,  which  no  doubt  can  be  ascribed  to  an  arteriolar  network,  or 
plexus,  existing  at  about  this  depth  and  described  by  Spalteholz.  On 


SUBCUT. 


Fig.  ^6.  A  schematic  representation  of  the  normal  resting  thermal  gradients.  Depths  in 
mm.  are  shown  as  abscissae  and  differences  in  temperature  from  that  of  the  surface  as  ordi¬ 
nates.  Above  are  indicated  possible  depths  for  the  vessels  following  Spalteholz  but  grouping 
both  superficia  venous  plexi  as  VN  1  and  the  deeper  venous  plexu^  as  VN  2.  reTsents 

Possilde'^Inth  I'r  cold  "  epidermis  E. 

D  F  or  F  T  ^  r  considered  to  be  A,  B,  or  C  and  for  warm  receptors 

mpoh  •  ■  dotted  lines  from  these  positions  represent  possible  nerve  fibers.  The  possible 
mechanisms  involved  if  the  actual  positions  are  D  for  cold  and  D  and  F  for 


either  side  of  this  arteriolar  network  the  temperatures  fall  abruptlv  due 
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2  mm.,  the  arteries  and  veins  run  side  by*  side  with  the  arrangement'  of 
venae  comites  commonly  seen  in  superficial  areas.  The  relations  of  these 
vessels,  all  described  by  Spalteholz,^*’^'  to  the  thermal  gradients  are  indi¬ 
cated  in  a  crude  diagrammatic  form  in  Figure  20,  where  the  two  most 
superficial  venous  plexi  are  shown  as  a  single  unit.  The  possible  positions 
of  Krause’s  bulbs  and  Ruffini’s  end-organs,  believed  resjionsible  for  cold 
and  warmth  respectively,  are  indicated  by  A,  B,  and  C,  for  the  former, 
and  D,  E,  and  F  for  the  latter.  There  is  considerable  uncertainty  as  to 
their  real  relationship  to  the  vessels,  since  vascular  organization  has  been 
quantitatively  examined  only  on  relatively  thick  skin,  and  the  depths  of 
the  receptors  only  on  the  very  thin  skin  of  the  prepuce.  However,  there 
is  little  doubt  that  Krause’s  bulbs,  and  also  receptors  for  cold,  lie  in  the 
steep  thermal  gradient  superficial  to  the  arteriolar  plexus,  and  that  Ruf¬ 
fini’s  end-organs,  and  also  receptors  for  warmth,  lie  deep  to  the  arteriolar 
plexus,  where  the  thermal  gradients  are  reversed.  Ruffini’s  end-organs 
also  probably  exist  still  deeper  at  the  junction  of  the  dermis  and  sub¬ 
cutaneous  tissue. 

There  is  some  evidence  that  sensations  of  warmth  in  the  prepuce  can 
arise  from  depths  equivalent  to  the  junction  of  dermis  and  subcutaneous 
tissue.  It  is  assumed  here  that  receptors  for  warmth  also  exist  in  thicker 
skin  at  such  a  depth  (position  F  in  Fig.  20) ,  but,  if  so,  they  probably  could 
not  be  identified  by  point  stimulation,  owing  to  the  diffuse  character  of 
thermal  changes  at  such  depths. 

There  exists  no  evidence  of  sensations  of  cold  derived  from  deeply  situ¬ 
ated  rece])tors  in  peripheral  tissues,  though  such  a  possibility  cannot  be 
excluded.  On  prolonged  exposure  to  cold,  accom])anied  by  a  fall  in  central 
temperature,  sensations  do  occur  which  are  very  different  from  those 
accompanying  strong  stimulation  of  the  skin.  The  subject  is  apt  to  state 
that  he  is  “chilled  to  the  bone.”  Such  sensations  might  arise  from  deeply 
situated  receptors  but  also  they  might  depend  on  a  fall  of  temperature  in 
the  brain  itself,  for  the  rectal  temperature  is  also  lowered  under  such 


Stimulation  of  Thermal  Receptors.  The  mechanisms  of  stimulation  o 
thermal  receptors  remain  subjects  for  speculation.  Facts  to  be  explained 
are-  the  possibility  of  continuous  stimulation  of  sensations  of  vaimth, 
which  su^ests  the  action  of  a  thermal  gradient;  the  existence  of  para¬ 
doxical  stimulation  of  cold  receptors  by  high  temperatures  which  indicates 
n  cold  receptors  can  be  stimulated  by  gradients  m  either  direction;  the 
occasional  but  much  rarer  occurrence  of  paradoxical  sensations  of  ^ 

generated  by  cold  stimuli,  suggesting  that  the  same  is  true  of  the  leceptois 

sensation;  a  lengthening  of  the  ",  „  depression 

the  presence  of  cutaneous  hyperemia,  assoei.itcil  also  I 

of  sensitivity  to  cold*  ^ 

•This  lowered  sensitivity  is  being  confirmed  by  Dr.  H.  Tbaiie  , 
for  this  personal  communication. 
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One  theory  that  has  been  advanced^^  is  that  sensations  of  cold  result 
from  receptors  situated  in  position  B  of  Figure  26,  and  those  of  warmth 
from  receptors  situated  in  positions  D  and  F  of  the  same  figure.  Sensations 
of  cold  are  generated  normally  by  exaggeration  of  the  gradient  existing  at 
position  B,  as  the  result  of  cooling  of  the  surface.  They  may  also  result 
from  the  development  of  a  marked  gradient  in  the  opposite  direction,  as 
by  extreme  warming  of  the  surface  causing  paradoxical  sensations  of 
cold.  Since  a  larger  temperature  change  is  then  involved,  the  latent  period 
is  lengthened.  Hyperemia  of  the  skin  raises  the  threshold  for  sensations 
of  cold;  this  could  depend  on  the  greater  heat  capacity  and  a  consequent 
difficulty  in  producing  rapid  changes  in  gradient.  Sensations  of  warmth 
on  a  similar  hypothesis  would  depend  on  an  exaggeration  of  the  normal 
reversed  gradient  at  D  as  the  result  of  heat  penetrating  from  the  surface. 
Paradoxical  sensations  of  warmth  would  be  induced  by  cold  only  with 
great  difficulty,  since  cold  could  not  readily  reverse  the  gradient  at  D 
which  is  dependent  normally  on  the  higher  temperature  of  blood  in  the 
arterial  plexus.  Muscular  work  warming  arterial  blood  could  intensify  the 
reversed  gradient  at  D,  and  give  a  sensation  of  warmth.  This  would 
explain  the  occurrence  of  sweating  with  exercise  even  at  low  temperatures. 

The  sensation  of  hot,  as  contrasted  with  warmth,  is  apparently  a  com¬ 
posite  sensation  resulting  from  stimulation  simultaneously  of  warm  and 
cold  receptors  (the  latter  by  paradoxical  stimulation)  and  commonly  also 
associated  with  some  degree  of  pain. 

Difficulties,  however,  arise  in  explaining  all  the  data  on  such  hypoth- 
eses.  In  the  maintained  sensation  of  warmth  induced  by  immersion  of  a 
limb  m  a  bath  at  a  temperature  above  that  of  the  entering  blood  the 
temperature  of  the  blood  m  the  deeper  venous  plexus  (VNo  of  Fig*  26) 
should  be  above  that  ot  the  arteriolar  plexus  after  a  steady  state  harbeen 
attained.  The  gradient  at  D  then  must  be  reversed.  One  might  expect 

grSien?’a'*Zrt‘i’^"d'“‘'  exaggeration  of  the  normal 

g  ent,  a  shoit  period  m  which  sensation  disappeared,  and  a  later  re¬ 
appearance  ot  sensation  with  the  generation  of  a  reversed  gradienfNo 

rxlclTifseTil  li^^^^^^ 

the'^mS^'"'  ky  warm  blood  entLbig  fa  ^ 


rom 


re“rffiThl™:rreSomi?h:s1:„tbl:^^^  changes  that 

"  :r :  1-:^  ■  ■ 

new  thermal  gradients  may  be  set  uo  Howl  ^lood 

Bazett  and  McGlone^®  that  sensations  of  h  t*''’  'n*  by 

the  limb  is  immersed  in  a  water  bath  at  sn  g  *‘‘11  generated,  when 

mal  changes  or  measurable  gradimits  re  ,  ’ 

-Wc^or  chemical  gradient  appllrTlVZ  t 

ficial  clldiiffins  pfaireTaTLrres^  '"'dcr  arti- 

■ng  of  such  a  nerve  induces  a  difference  It  plteltiirXlgTtl  whlclf““'' 


can 
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excite  repetitive  impulses.  Heating  may  produce  a  similar  response.  Both 
the  cooled  and  heated  areas  become  electronegative  to  the  normal  tissue. 
Thermal  gradients  set  up  along  Ihe  nerve  form  adeipiate  stimuli.  In  the 
receptor  some  such  mechanism  is  apparently  developed  to  a  very  high 
degree  of  sensitivity.  A  somewhat  similar  mechanism  has  been  described 
in  recei)tors  of  the  elasmobranch  fish  Raja'^^  in  which  responses  may  be 
generated  by  changes  in  temperature  of  only  0.1  or  0.!^°. 

\erve  Paths  Involved  in  Sensatio7is  of  Temperature.  The  general  ar¬ 
rangement  is  not  known.  It  may  be  presumed  to  resemble  the  distribution 
of  nerves  concerned  with  pain,  which  has  been  investigated  and  described 
by  Tower.^*^-  In  this  case  the  unit  element  responsible  for  reception  is  not 
a  single  receptor  innervated  by  a  single  nerve  fiber,  but  rather  a  number 
of  receptors  spread  over  an  area  of  several  scpiare  millimeters  or  centi¬ 
meters,  which  together  represent  the  terminal  distribution  of  a  single 
neuron.  The  areas  supplied  by  different  neurons  overlap  and  sensory 
localization  is  attained  by  analysis  of  the  pattern  of  neurons  involved. 

Sensations  of  pain  induced  by  heat  appear  to  be  generated  in  superficial 
and  deej)  nerves  and  j)robably  can  originate  in  either  slowly  or  rapidly 
conducting  fil)ers.  The  sensations  of  pain  caused  by  cold  have  the  dull 
aching  but  nauseating  character  that  is  found  in  pain  generated  fioin 
arteries  or  fascia.  This  pain  is  probably  developed  in  slow  conducting 
fibers  of  small  diameter,  possibly  in  nonmyelinated  fibers, and  pos¬ 
sibly  only  in  fibers  distributed  to  deep  tissues. 

Motor  Nerve  Paths  Involved  in  Vascular  Reactions  to  I  emperature 
and  in  Sweating.  x\o  long  discussion  of  these  involved  questions  i.s  m  order 
here  \hisoconstriction  is  undoubtedly  dependent  on  nonmedullated  h  lers 
of  the  sympathetic,  which  are  a.lrenergic  in  type.  Sweating  depends  also 
on  a  sympathetic  supply  of  similar  anatomical  organization,  ^^t  these 
nerves  are  cholinergic.  Probably  some  of  the  sweat  glands  on  the  han  s 
and  feet,  which  are  commonly  associated  with  emotional  rathei  than 
thermal  reactions,  are  innervated  by  adrenergic  sympathetic  fibers 
d'he  vasodilator  nerves  concerned  in  active  vasodilatation  appear  o  le 
..t  i  st  r  o  lympalLetic  origin.  Dilatation  is  active,  lor  the  tcm,,e,.a- 
'  nrerrcachcl  in  the  presence  of  normal  inneryat.on  .nay  be  mneh  highe 
hi  .  fi  -iH-iinable  bv  simple  paralysis  of  vasoconstriction,  whethei 
orodiicitniy  injection  of  novocain  or  by  synipathectomy  According  to 

ew  r-u  (1  Pickea-ing^'^^  ami  (Iraiit  and  Ilolling^^  no  evidence  of  active 
Lewis  and  1  icweiinf,  cvnioathectomy.  On  the  other  hand, 

a  .Sfin  "  ..'peraure  in  the  right  fingers 

and  toes  Iron,  warn.ing  o  the  left  that  the 

bilateral  the  body  and  of  the  direct 

other  vasodilators  winch  are  branches  of  sensory  nerves, 

limbs  in  the  form  of  vascillai  co  '  ^  cholinergic  type  in  axonc 

These  bra,. dies  can  I''!™'"™  I"  !  reactions.  It  is  qnestionable, 

h;tTe;,trdh‘rs:Tch  nma  cm,  I'.e  activate, 1  in  trne  reflexes,  or 
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whether  any  other  true  vasodilator  reflexes  exist  which  do  not  utilize  a 
sympathetic  motor  path. 

The  nerve  fibers  concerned  in  heat  and  cold  sensations  have  been  partly 
identified  by  study  of  their  sensitivity  to  local  anesthetics  and  other 
stimuli.  They  have  been  considered  to  be  small  medullated  fibers  with  a 
diameter  of  5  to 

Thermal  Sensations  and  Their  Conduction  in  the  Spinal  Cord.  Con¬ 
duction  of  impulses  of  temperature  in  the  cord,  as  well  as  those  of  pain, 
occurs  along  fibers  which  appear  to  originate  in  the  substantia  gelatinosa 
Rolandi  of  the  posterior  horn  around  which  the  peripheral  nerves  end. 
The  new  axons  cross  the  midline  ventrally  and  ascend  on  the  opposite 
side  of  the  cord  in  the  spinothalamic  tract.  Though  the  tracts  followed 
by  nerves  subserving  pain,  warmth  and  cold  are  similar,  they  are  not 
identical,  for  one  of  these  sensations  may  be  destroyed  as  the  result  of  a 
lesion,  while  the  others  are  retained.  As  a  rule,  however,  they  are  affected 
to  a  like  degree.  The  fibers  for  temperature  sensation  appear  to  lie  more 
dorsally  than  those  for  pain.  Not  all  the  fibers  go  direetly  to  the  thalamus. 
Some  terminate  in  intermediate  grey  matter,  from  which  other  neurons 
arise.  These  secondary  paths  appear  to  supplement  the  main  paths. 

Attention  has  already  been  drawn  to  the  bizarre  eharaeter  of  reflex 
vasomotor  responses  to  warmth  deseribed  by  Duthie  and  Mackay.*'’*^' 
These  authors  rejiort  the  persistence  of  such  apparent  reflex  responses  in 
patients  in  which  all  conscious  sensations  of  temperature  had  been  lost  in 
the  limb  that  was  warmed.  Thus  in  one  ease  reflex  vasodilatation  appeared 
to  be  induced  in  a  man  in  whom  the  right  spinothalamic  tract  had  been 
cut  for  the  relief  of  pain,  even  though  the  stump  was  devoid  of  thermal 
sensation.  The  circulation,  however,  had  not  been  occluded  and  the  rela- 
t^ively  rap.d  response  (four  minutes)  is  no  proof  that  actual  changes  in 
blood  temperature  were  not  responsible.  On  the  other  hand,  in  a  patient 
in  whom  thrombosis  of  the  left  posterior  inferior  eerebellar  arterv  had 
caused  complete  absence  of  thermal  sensation  of  the  right  thumb,  arm 
and  leg,  immersion  of  the  right  arm  in  water  at  45°  C.  after  occlusion 
caused  a  rise  of  temperature  in  the  right  toe,  starting  after  three  minutes. 

ere  any  reflex  response  presumably  could  not  readilv  arise  in  the  hv- 
po  halam.c  centers,  unless  other  paths  for  thermal  sensation  exist.  Pos- 

tl™ VgUo^ve^rim;  «-mstances 

The  probable  paths  for  sensations  of  temperature  to  reach  the  hvnothal- 
amus  IS  through  the  thalamus  from  which  the.v  might  be  relayed  Possible 
paths  are  discussed  m  Ranson  and  Clark’s  book.'™  Some  possibility  exists 
o  additional  sensor.v  fillers  entering  the  hypothalamus  throng  ,  he  mam 

SEteSSEBSS 

shivering  has  been  advanced  by  Uprns  ef  C.'ofand  by 
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vessels  slows  the  flow  and  diverts  the  venous  return  from  the  superficial 
towards  deeper  veins,  thus  assisting  in  cooling  arterial  blood  and  causing 
deep  jienetration  of  cold.  It  is  uncertain  whether  the  maintenance  of  such 
a  change  is  determined  mainly  by  reflexes  or  by  direct  effects  of  cooling 
on  the  vessels.  Similar  questions  arise  in  accounting  for  adjustments  to 
warmth.  Lewis  and  Pickcring^*^-  attribute  the  slow  dilatation  of  vessels,  on 
rewarming  after  ])rolonged  cooling,  to  the  direct  effects  of  cold  on  the 
smaller  arteries  and  arterioles.  A  similar  emphasis  on  the  ])ersistence  of 
vasoconstriction  in  the  cooled  extremity  is  to  lie  found  in  TJngley’s 
work.^®^  It  seems  quite  ])robable  that  cutaneous  vasoconstriction  started 
by  reflex  reactions  in  Kaynaud’s  disease  or  immersion  of  foot  may  be 
maintained  by  such  direct  effects  of  cold.  On  the  other  side,  Aschoff'^  finds 
evidence  of  dilatation  of  excised  arteries,  when  jierfused  with  cold  saline, 
if  allowance  is  made  for  the  increased  viscosity  caused  by  cold,  lie  also 
cites  evidence  for  such  dilatation  in  vivo.  There  are  also  indications  of  a 
rai)id  flow  of  blood  (in  some  subjects  at  least)  on  extreme  exposure  to 
cold  sufficient  to  cause  severe  pain,  and  ])robably  some  type  of  inflam¬ 
matory  reaction.  Increased  flow  of  blood  in  a  whole  limb  has  been  de¬ 
scribed  under  such  circumstances,  not  only  by  Aschoff,®  but  also  by 
Spealman  and  others  (see  other  chapters  in  this  book) .  The  red  skin  of 
an  extremitv  exiiosed  to  extreme  cold  has  been  ascribed  to  paralysis  of  con¬ 
striction  in  superficial  capillaries  and  venules,  whether  the  circulation 

rate  has  been  increased  or  not.  ^  a 

Thus  there  aiijiears  to  be  some  conflict  as  to  whether  the  direct  effec  s 
of  cold  are  vasoconstriction  or  vasodilatation.  Part  of  the  conflict  may 
l,e  resolved  bv  work  now  being  conducted  by  Papiienhenncr,  about  winch 
„  verbal  co.nmnnication  was  n,a,le  to  the  Ainer.can  l-hys.o  og.ca  Soce  > 
in  September,  In  extending  his  experiments  on  perfused  limbs  of 

dogs  and  cats  '-*■  perfusion  was  carried  out  at  different  temperatures, 
was  found  that  wai  n  blood  caused  dilatation  of  skin  vessels  with  a  very 

“if™;:;' ™  ”... 

spite  of  an  increased  blood  viscosity  (  ]r,„.,i,er  details  of 

:;ir;oTrefw:iterf^^ 
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Severe  cold  of  short  and  slow  the 

ir.d  flo:3.n"tS'd.reff:ctniigh.  be 'overridden  on  longer  exposure  by  an 

.  work  „a.,  ,h.|„„„.stra.<al  .lireia  va..s.o,,,rkU^  lo  l  okl  in  ;lo;;orv»M  ; 
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opposite  effect  on  deeper  tissues.  Also,  if  the  superficial  cooling  lowered 
the  temperature  sufficiently  to  induce  damage  and  inflammatory  reaction, 
hyperemia  of  a  temporary  character  might  be  induced  even  in  cutaneous 
vessels.  At  present  conclusions  ap})ly  only  to  the  reactions  of  isolated 
vessels  disconnected  even  from  reflexes  originating  in  the  spinal  cord,  and 
no  predictions  should  be  made  from  such  data  as  to  the  changes  likely  to 
develop  in  an  intact  animal.  It  is  at  any  rate  interesting  that  the  viscosity 
changes  of  whole  blood  within  the  vessels  with  temperature  differ  little 
from  those  obtained  in  vitro  on  water,  plasma,  or  on  suspensions  of 
corpuscles.^*^- 

Many  observations  of  the  effects  of  temperature  on  sympathectomized 
limbs  are  to  be  found  in  the  literature.®”  In  the  acute  stage  after  operation, 
with  vessels  dilated  and  a  rapid  flow.  Freeman*"^  found  little  reduction  of 
flow  on  exposure  to  cold.  The  degree  of  penetration  of  cold,  however,  was 
uncertain.  During  recovery,  six  months  later,  vasoconstrictive  responses 
were  definite;  he  attributed  regulation  of  the  rajiidity  of  flow  at  this  stage 
to  a  control  of  vasomotor  tone  by  metabolites,  which  were  modified  by 
changes  in  temperature. 

The  direct  effects  of  cold  on  the  vessels  appear  to  differ  for  different 
vessels.  Part  of  the  effects  could  be  due  to  changes  in  blood  produced  by 
temperature,  such  as  in  the  relative  affinity  of  proteins  and  carbonic  acid 
for  base,  and  a  consequent  alkalinity  in  the  cold,  though  such  an  explana¬ 
tion  would  appear  to  be  out  of  court  in  Aschoff’s  experiments  with  vessels 
in  saline.®  Our  knowledge  of  the  fundamental  background  is  woefully 
incomplete. 


ENDOCRINES  IN  RELATION  TO  TEMPERATURE  CONTROL 

There  is  little  doubt  that  the  endocrine  glands  play  an  important  role 
in  long  term  adjustments  to  temperatures,  but  definite  information  is 
limited.  Integration  through  the  nervous  system  is  adapted  for  rapid 
reactions,  and  many  of  the  long  term  adjustments  may  be  accomplished 
by  chemical  controls,  whether  through  the  action  of  metabolites,  of  hor¬ 
mones,  or  of  the  metabolic  response  of  sensory  cells  such  as  the  chenio- 
reueptors.  From  this  point  of  view  the  whole  integration  of  homeostasis, 
whether  of  nervous  or  chemical  origin,  centers  around  the  hypothalamus 
and  pituitary,  which  are  intimately  connected. 

Thermal  homeostasis  involves  control  of  salt  balance,  for  the  conserva- 
lon  of  sodium  chloride  is  a  real  problem,  particularly  to  herbivorous 

Twar’i^!  1  T  temperature,  control 

of  watei  balance  is  also  necessary;  water  is  a  product  of  metabolism  and 

contTaT^T'  P'-etection  against  overheating.  Theiinid 

control  also  demands  regulation  of  heat  production  and  possibly  also  o 

XrSof'r“  insuktion.  Thus  the 

lati  gration  of  many  autonomic  functions  is  concerned  with  thermal  regii- 

The  pituitary  gland  serves  as  the  master  control  nf  ti,  i 
tern  and  it  exerts  this  rontml  “'‘^f^^^ontiol  of  the  endocrine  sys- 
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amus,  for  tlie  anterior  lobe  originates  einbryologieally  extracranially  from 
the  j)harynx  ami  in  development  assumes  an  intraeranial  jiosition.  It  is 
known  that  great  variations  in  intraeranial  pressure  aceompany  abnormal 
osmotic  balances  between  water  and  salts  or  other  osmotically  active 
substances,  so  that  the  maintenance  of  osmotic  eiiuilibrinm  is  immensely 
important  to  the  central  nervous  system.  Possibly  the  pituitary,  situated 
as  it  is  within  the  cranium,  has  its  activity  modified  by  such  pressure 
changes  and  not  impossibly  such  reactions  might  aid  control. 

In  any  ca.se  the  activity  of  the  jiituitary  appears  capable  of  being  modi¬ 
fied  by  nervous  influences.  Nerve  tracts  have  been  identified  which 
connect  the  supra-optic  and  paraventricular  nuclei  with  the  jiosterior  lobe, 
and  a  tubero-hyj)ophyseal  tract  also  connects  the  posterior  hypothalamus 
with  this  lobe  of  the  pituitary.  It  is  not  surprising  that  the  centers  from 
which  these  originate  appear  to  be  the  same  as,  or  closely  intermingled 
with,  those  considered  resjionsible  for  temperature  control.  It  is  possible 
that  the  same  centers  can  exercise  both  controls. 

The  j)ituitary  apiiears  to  be  stimulated  to  activity  according  to  the 
composition  of  the  blood  which  supplies  it.  dims  increase  in  the  osmotic 
pressure  of  the  blood  produced  by  injection  of  concentrated  salt  solution 
into  the  carotid  artery  can  cause  increased  secretion  of  antidiuretic  sub¬ 
stance  by  the  i)osterior  lobe,  resulting  in  a  retention  of  water  by  the 
kidney  and  correction  of  the  abnormal  osmotic  pressure.  Lowering  the 
osmotic  pressure  can  cause  the  opposite  efiect  of  reduced  secretion  of 
antidiurctic  substance.^'*"  Control  may  also  be  exerted  rehexly,  for  stimu¬ 
lation  of  the  vagal  stump  in  a  perfused  i.solated  head  of  a  (log  also  can 
cause  secretion  by  the  pituitary,  including  secretion  of  antidiuretic  sub- 
stance.-^^  The  utilization  of  such  controls  in  relation  to  control  of  body 
temperature  probably  exists,  but  conclusive  evidence  of  such  utilization 

is  not  available.  ^ 

Endocrine  Control  of  Metabolism  in  Relation  to  Temperature  Con¬ 
trol.  This  appears  to  l>e  efiected  by  means  of  the  action  of  adrenalin 
secreted  by  the  medulla  of  the  suprarenal  gland,  by  the  thyroid,  and  po.s- 
siblv  it  is  also  influenced  by  the  cortex  of  the  suprarenal. 

idrenaVm  niav  be  liberated  by  nervous  means  through  impulses  which 
reach  the  gland*  via  the  splanchnic  nerves.  Such  liberation  is  utilized  to 

function  of  circulating  |'/.|',tTvrmulcle,  liberation  of  glucose 

and  a  considerable  increase  in  heat  piodiiction. 

In  . . .  .-ats  .1,0  -I>cn.anc.<u,s  nyeo.u  ,f  „ 

"’V'  -Tr  'nrtv  h"  minuUrThc  nH.tal,;,lic  incroa.e  is  associated  with 

::;t:;:z!;;:>>wa.odwi.h.,..^ 

h;':,.  ec.ni;a,ent  shi..  ^  e,ect..o.ytes,  so  that 
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the  total  osmotic  pressure  of  the  blood  is  increased.  Such  a  shift  of  water 
from  the  blood  to  the  cells  was  the  subject  of  much  experimentation  by 
Barbour.® 

The  large  literature  on  modifications  of  thyroid  activity  cannot  be 
considered  in  detail  here.  In  animals  jironounced  differences  in  histological 
character  exist  in  this  gland,  with  larger  follicles  and  decreased  cell  areas 
in  the  summer,  a  change  apparently  associated  with  less  activity.  The 
change  does  not  apjiear  to  be  dependent  on  the  innervation  of  the  thy- 
roid^^^  but  on  effects  from  the  thyrotropic  hormone  of  the  pituitary,^®® 
which  in  turn  probably  depends  on  nervous  stimulation  from  the  hyyio- 
thalamus,  since  section  of  the  stalk  of  the  gland  prevents  it.  Analysis  of 
the  thyroid  response  to  cold  in  rats  by  the  use  of  radioactive  iodine  is  of 
great  value  as  an  indication  of  the  time  relations  of  adjustments.  No 
definite  changes  can  be  demonstrated  during  the  first  three  days,  but, 
after  this,  indications  of  increased  activity  continue  to  develop  to  a 
maximum  after  twenty-six  days.  However,  if  the  exposure  to  cold  is 
continued  for  forty  days,  the  activity  appears  to  return  towards  a  normal 
value.  On  the  other  hand,  dejiression  of  the  activity  of  the  gland  by 
exposure  of  the  rats  to  heat,  though  jiresent,  is  at  no  stage  marked.®® 

The  results  of  such  studies  on  rats  seems  to  imply  that  the  mechanisms 
usable  by  the  rats  in  response  to  cold  cannot  include  any  significant  use 
of  increased  thyroid  activity  for  the  first  few  days,  so  that  other  defenses 
must  be  employed.  After  about  a  month’s  exposure  the  thyroid  reaction 
apjiears  to  be  of  great  importance.  Some  weeks  later  it  no  longer  seems 
dominant;  presumably  at  this  stage  some  other  change,  which  is  less 
readily  mobilized,  is  taking  an  active  part  (perhaps  changes  in  fur). 
Adaptation  to  temperature  can  involve  so  many  processes,  that  no  simple 
sequence  of  adaptive  changes  is  to  be  expected. 

It  has  been  stated  earlier  that  these  eflfects  on  animals  have  not  been 
ilemonstrated  to  apply  to  man.  Clearly  the  sequence  of  jirotective  reac¬ 
tions,  used  as  they  became  available,  would  be  different  for  man.  In  rats 

delayed,  while  man  could  utilize  as  his  first 
ense  aitificial  insulation  of  clothing  and  heating.  In  man  the  onlv 

seen  i,ureTat'rV°  "'’'''‘I  '>«■  tliat  moderate  change 

seen  m  the  late  stages  of  experiments  on  rats.  Reduction  of  thyroid  activity 

on  I  eating  might  be  expected  to  be  slight  and  similar  in  rats  anil  men 

til  man  adjusts  his  evolutionary  develojiment  to  his  new  ciiltural 

<id\ances  such  as  air  conditioning  * 

ConfroTTP*  to  Temperature 

a  temporary  hy,,erglycenlia.  Ingranl  ')^,/t'.‘|i.'"!''^''‘''i'® 


180 


PHYSIOLOGY  OF  HEAT  REGULATION 


vents  cats  from  secreting  antidiiiretic  substances  in  the  urine  in  response 
to  dehydration.  These  nuclei  might  lie  considered  to  have  regulatory 
effects  on  water  and  salt  excretion  and  on  carbohydrate  metabolism,  in 
addition  to  any  j)Ossible  role  in  thermal  regulation. 

The  antidiuretic  function  of  the  pituitary,  with  which  they  appear  to 
be  associated,  has  a  double  function,  namely  to  limit  water  excretion 
while  promoting  excretion  of  chlorides.  Its  absence  leads  therefore  to 
polyuria  with  retention  of  chloride  or  excretion  only  in  very  low  concen¬ 
trations.  This  reaction  is  perhaps  dependent  on  an  imbalance  in  which  the 
adrenal  cortex  under  the  influence  of  the  anterior  lobe  of  the  pituitary 
drives  the  kidney  to  excessive  retention  of  sodium  chloride.  Absence  of 
antidiiiretic  hormone  can  give  secretion  of  large  volumes  of  urine  with 
low  chloride  concentration,  and  damage  to  the  adrenal  cortex  cause  a 
hypersecretion  of  sodium  chloride. 

The  relations  of  these  changes  to  heat  regulation  are  obscure.  Since  in 
sweating  animals  symptoms  of  inadequate  stores  of  both  water  and  salt 
can  occur  readily  in  jirolongcd  exposure  to  heat,  it  is  imiirobable  that 
these  mechanisms  are  not  closely  correlated  with  those  of  thermal  regula¬ 
tion.  Diuresis  of  one  or  more  days’  duration  may  be  seen  in  man  as  the 
result  of  a  sudden  change  from  a  warm  to  a  cool  environment,  jet  at 
other  times,  apparently  under  similar  conditions,  such  a  diuresis  may  be 
inconspicuous  or  absent.  An  attempt  has  been  made  in  recent  experiments 
to  obtain  a  balance  sheet  for  water  exchange  under  such  conditions  m 
two  subjects  in  two  experiments.^"’^  There  appeared  to  be  a  loss  of  water 
from  the  body  at  the  time  of  change  amounting  to  a  few  hundred  milliliters 

and  sometimes  to  more  than  1  liter. 

There  seems  little  doubt  that  blood  volume  is  increased  m  the  warmth 
in  iiresence  of  marked  dilatation  of  superficial  veins,  and  that  it  is  reduced 
in  the  cold.  It  was  originally  described  by  J.  Barcroft'®  and  his  observa¬ 
tions  have  been  confirmed  by  Bazett  ct  al,^^  by  Conley  and  Nickerson,-’ 
and  bv  Spcalman  et  The  smaller  volumes  of  final  stored  during 

warmth  and  lost  during  exposure  to  cold  could  be  explained  simpl.v  as 
due  to  changes  in  blood  volume.  However,  this  is  unlikely  to  hold  or  the 
larger  increases  or  decreases  in  water  content.  Conley  and  Nickerson 
found  also  evidence  of  alterations  in  extracellular  fluid  with  increases  in 
warmth  and  decreases  in  cold.  However,  the  amount  of  change  was  %eij 
variat,lc  a,„l  tl.c  average  only  one  of  «  per  eent.  So.ne 
extracellular  Ilui.l  both  with  thioeyauate  and  bromide  ne.e  made  m  the 
:X’.s  laboratory  by  Dr.  .V  Goudsmil.  The  changes  observed  were  m  l, 
and  commonly  explicable  on  mere  changes  m  blood 
change  has  been  studied  in  monkeys  by  Dverman  and  Kidman,  « li 
fon mfv'ilnes  for  exlraeellnlar  fluid  of  184  ±  25.8  ml.  per  kg.  m  the  winter 
and  of  250  +  40.7  ml.  in  the  summer.  The  difference  had  st.abstic.d  sig 
‘  ee!  They  found  therefore  evidence  of  ™  i 

Ions  iil’um  t'obd'lwot'ir::  ioi'.mscles  o?  [hnil^oef  J^l^lot :x;m,sion 
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or  retraction  of  the  vascular  bed  towards  its  ideal  volume  for  efficient 
distention.  They  can  be  explained  as  dependent  on  the  absorption  or 
loss  of  fluid  into,  or  out  of,  the  vascular  bed  as  dilatation  or  constriction 
develops  over  a  wide  area.  They  are  followed  by  conijiarable  changes 
in  the  total  plasma  protein,  which  allow  normal  plasma  composition  to  be 
regained;  they  are  not  completed  fully  until  this  plasma  protein  has  been 
made  available.  A  full  study  of  these  changes  has  been  made  by  Speal- 
man  et  al}^“ 

Whatever  may  be  the  mechanisms  concerned  in  regulation  of  water 
and  salt  balance  by  the  hypothalamus  and  pituitary  they  can  exist  in  the 
absence  of  temperature  control  or  be  disorganized  in  its  presence.  Thus 
cats  with  high  decerebrations  in  which  temperature  control  may  be 
regained,  have  been  found  to  have  urine  outputs  of  normal  composition 
and  probably  of  normal  volume.  On  the  other  hand,  similar  animals  with 
low  decerebrations  and  loss  of  temperature  control  showed  polyuria  with 
urine  of  very  low  chloride  concentration,  a  change  of  the  diabetes  insipidus 
type.  Yet  the  two  conditions  were  not  closely  correlated;  if  a  low  decere¬ 
bration  was  accompanied  by  an  island  of  hypothalamus  left  in  place,  with 
connections  to  the  pituitary  and  no  other  connections  whatever  either  to 
brain  above  or  below  the  main  section,  the  upset  in  water  balance  was 


much  reduced  or  absent,  while  the  lack  of  thermal  control  was  still  com- 
plete.i^®  Idiese  data  are  also  useful  in  indicating  that  such  changes  of  the 
diabetes  insipidus  type  are  real  changes  in  water  balance  and  by  no  means 
secondary  to  polydipsia,  as  is  still  often  suggested,^i  for  the  polyuria 

develops  in  unconscious  decerebrate  preparations  fed  artificially  by  stom¬ 
ach  tube. 

The  adrenal  cortex  may  play  a  part  in  water  balance;  it  may  also  have 
other  functions  m  thermal  control.  It  appears  to  be  involved  in  many 
reactions  to  stress,  and  cold  may  be  merely  one  of  these  The  cortex 
hypertrophies  on  exposure  to  cold,  and  this  change  is  not  abolished  by 
section  of  the  pituitary  stalk,  though  it  appears  to  be  induced  by  pituitary 
influences.  Dugal  et  al^  have  shown  that  large  doses  of  ascoH)ic  acid 

content  of  ascorbic  acid  to  be  found  in  the  cortex.  The  role  of  such  changes 
in  thermal  control,  however,  remains  quite  obscure.  ^ 

le  revroductive  glands,  particularly  in  the  female,  are  correlated 
unctionally  with  the  pituitary.  Their  phasic  activity  is  associated  with 

plTaWv  H  "  body  temperaturl-^ 

1  lobably  tliese  are  only  secondary  effects  Tn  tl.e  mol,.  .  . 

follow  any  conditions  raising  the  te2eratme  0  ,1^  t  r  ^  ^ 

the  normal  deep  temperatu."  level  Xed  e^etnlnyt  if 

Loss  of  fertility  in  the  summer  has  the  '''  temperature  level, 

temperatures  'reached.  However  actuajlfft  ®®eribed  to  the  higher 

comitantdepressionof  the  thyroid  for  th'v  h ‘'"e  to  the  con- 

The  endocrine  /actors  m  ocncrc/ 

portant  in  the  integration  of  the  totnl'Te^''  summed  up  as  probably  ini- 
acelimatization.  They  rLmin  hi  P^ticularly  in  long  term 
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TIME  SEQUENCE  OF  ADJUSTMENTS  TO  COLD 
The  adjustinents  to  cold  may  he  briefly  recapitulated,  while  assigning 
as  far  as  possible  a  time  scale  to  the  reactions.  The  assnmiition  will  be 
made  that  a  normally  clothed  individual  after  existing  continuously  in  a 
climate  over  80°  C\  (8(5°  F.)  is  siuldenly  exposed  to  an  air  temperature 
at  or  below  20°  C.  ((58°  F.)  in  the  absence  of  any  heavy  clothing  and  is 
maintained  under  these  conditions. 

The  initial  effect  is  a  cooling  of  the  superficial  layers  of  the  skin,  with  a 
resulting  intensification  of  the  thermal  gradient  and  the  stimulation  of 
cold  receptors.  The  reaction  can  occur  within  a  few  minutes.  To  this 
stimulation  would  develop  reactions  including  su{)erficial  vasoconstric¬ 
tion  (balanced  by  deej)  splanchnic  dilatation) ,  pilomotor  reactions  and 
goose  flesh  roughening  the  skin  and  decreasing  air  movement,  and  possibly 
shivering.  Surface  temperatures  begin  to  fall  at  once,  but  the  changes 
proceed  slowly,  owing  to  heat  capacity  effects.  The  rectal  temperature 
(and  {irobably  that  of  the  brain)  would  rise  as  a  result  of  the  shifting  of 
blooil  distribution  and  the  slowing  of  the  return  of  cooled  venous  blood. 
The  resj)onses  of  reflex  origin  might  be  reduced  as  central  temperature 
rose  and  recejitors  also  showed  some  adaptation  (due  to  gradual  reduction 
of  the  steepened  thermal  gradients),  but  would  not  cease.  Later  blood 
returning  from  the  periphery  still  relatively  slowly  would  have  a  low' 
enough  temjierature  to  reduce  the  temperature  of  the  central  areas. 
Rectal  temperature  would  return  from  its  raised  to  its  original  level  or 
might  even  fall  somewhat  below  it,  particularly  if  this  original  level  in  the 
warmth  was  somewhat  above  the  average  level. 

The  rectal  temperature  is  dejiendcut  on  so  many  factors  that  it  cannot 
be  shown  to  be  depressed  in  individual  cases  in  the  cold,  nor  even  to  be 
raised  bv  moderate  warmth.  The  average  values  demonstrate  that  the 
effect  exists,  even  though  it  may  lie  small.  Thus  tj'c fjo®,"?,' ,r 

indicate  (lifi'erences  ill  average  rectal  temperatures  ot  0.7  C.  (1..!  *  d 

the  whole  range  from  just  endurable  cold  to  sweat-causmg  lieat.  Sucli 
changes  arc  onlv  detectable  under  conditions  when  tlie  subject  is  rigid  y 
under  control.  The  cooled  subject,  if  not  so  controlled,  subconsenms  y 
increases  activity,  which  may  mask  coin|,letely  any  tendency  to  tailing 

'™rhrsnperficial  veins  ot  the  skin  constrict  and  no  longer  serve  to  cool 
tilood  as  it  returns  to  the  heart.  On  the  contrar.v  the  ^ 

rtering  lS  «“-'«!  exehange  of  heat  with  he  vein, 

while  the  venous  blood  is  correspondingly  warmed  at  * 

white  tlic  ee  allowed  gradually  to  cool,  so 

ih bhiocl  mierinra  tnd  or  foot  iloes  so  at  a  teniperatnre  ver.v 

little  f r' ,o  the  environment.  Through  this 
cooled  blood  and  \tt  1  ,  particularly  used 

mechanism  the  more  peripheral  paits  ot  tnc  iimos  .  rt  nl 
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plished  at  once;  during  the  j)eriod  of  adjustment  the  portal  system  and 
probably  other  deep  areas  are  dilated.  Initially  there  is  commonly  a  rise 
in  blood  pressure  but  after  some  hours  the  blood  pressure  may  be  sub¬ 
normal,  possibly  because  of  the  dilatation  in  the  splanchnic  area.  Full 
constriction  in  the  skin  may  be  delayed,  probably  owing  to  the  difficulty 
of  accommodating  the  blood  in  other  areas.  If  the  stimulation  from  the 
skin  is  considerable,  the  constriction  may  overcome  such  difficulties.  To 
attain  ultimately  vascular  constriction  without  splanchnic  dilatation 
necessitates  a  rapid  reduction  in  blood  volume.  This  is  accomplished  first 
by  removal  of  fluid  with  a  resulting  increase  in  plasma  protein  concen¬ 
tration.  Within  a  matter  of  hours  much  of  this  plasma  protein  is  removed, 
allowing  a  gradual  assumption  of  a  lower  blood  volume  at  a  normal  protein 
concentration  after  some  days.^^-  It  is  still  questionable  whether  the  red 
cell  volume  is  similarly  reduced,  or  whether  it  remains  unchanged,  leaving 
a  higher  concentration  of  cells  with  increased  viscosity.  Certainly  this 
concentration  is  an  important  phase  in  the  early  reaction  and  one  which 
may  not  be  benign  in  subjects  with  arteriosclerotic  changes  who  are 
unable  fully  to  dilate  their  vessels.  The  cell  concentration,  exaggerated  as 
it  might  be  by  the  addition  of  similar  concentration  in  the  reaction  to 
standing,  might  so  increase  blood  viscosity  as  to  obstruct  flow  in  vessels 
constricted  by  organic  changes  in  their  walls.  In  any  case,  the  red  cell 
volume  is  reduced  ultimately  over  a  long  period,  as  in  winter  as  compared 
with  summer,  so  that  blood  composition  is  normal  at  a  lowered  volume. 

The  decreased  heat  loss  attained  by  these  adjustments  depends  on  an 
increase  in  the  insulating  action  of  the  tissues,  but  this  value  is  not  readily 
raised  above  the  equivalent  of  0.8  do  units,  except  perhaps  in  fat  subjects. 
This  tissue  insulation  may  be  reinforced  by  improvements  in  the  air 
insulation.  This  may  be  attained  by  the  greater  limitation  to  air  move¬ 
ment  imposed  by  rough  dry  skin,  as  well  as  by  decreased  evaporation  at  a 
lowered  skin  temperature,  so  that  evaporation  is  decreased  as  well  as 
radiation  and  convection.  An  exception  to  this  may  be  found  in  the  hands 
and  feet  where  precooling  of  the  arterial  blood  may  so  lower  the  thermal 
gra  lents  that  heat  loss  by  radiation  and  convection  may  be  reduced  to 
very  ow  units.  In  this  case  evaporation  cannot  be  proportionately 
alteied  and  may  account  for  a  large  proportion  of  the  heat  loss  in  such 

31  03S, 

dp!lf  f  heat  loss  modified,  but  also  heat  production.  Shivering  may 
develop,  and  possibly  increased  heat  production  from  effects  of  adrenalin 
secretion,  though  this  is  not  established  as  occurring  in  man.  After  a  iieriod 

bp  ^oms  surface  temperatures  may  have  fallen  the  tissues 

beneath  them  may  have  cooled,  sensation  may  be  inadeq^te  to 
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warm  conditions.  If  this  had  been  induced  by  the  initial  warm  conditions, 
a  return  of  thyroid  activity  to  a  normal  level  is  to  be  expected  with  a 
latency  of  several  days.  There  would  appear  to  be  a  reduction  in  [dasina 
volume  develo{)ing  in  one  or  two  days  and  accompanied  by  removal  of 
excess  plasma  protein.  This  would  render  cutaneous  vasoconstriction 
less  of  a  burden  on  the  rest  of  the  circulation.  The  rate  of  removal  of 
plasma  protein  seems  to  show  considerable  individual  variations.  Ihe 
(luestion  of  the  rate  of  reduction  of  excess  cori)Uscles  remains  unsettled.^^^ 

It  is  probable  that  the  skin  becomes  rougher  and  drier  during  adaptation 
and  contributes  to  the  better  insulation. 

Greater  comfort  is  attained  within  a  few  days  or  a  week  in  such 
exposure  to  cold,  so  that  much  of  the  acclimatization  seems  to  be  ac¬ 
complished  in  this  period.  Full  acclimatization,  however,  appears  to  take 
months  or  even  years  and  nothing  is  known  of  the  adjustments  concerned. 

TIME  SEQUENCE  OF  ADJUSTMENTS  TO  WARMTH 

The  adjustments  to  warmth  may  be  similarly  recapitulated,  but  more 
rapidly,  since  the  ultimate  goal  is  the  state  from  which  the  cold  adjust¬ 
ments  started.  However,  the  way  back  is  not  exactly  the  same  as  the  way 
to  cold  adjustments.  Intermediate  points  in  one  change  would  not  neces¬ 
sarily  occur  in  the  other.  The  assumption  here  made  is  that  a  subject 
acclimatized  to  cool  conditions  of  ^21°  C.  (G8°  F.)  is  suddenly  exposed  to 
an  environmental  air  temperature  of  32°  C.  (1)0°  F.)  or  more. 

The  initial  effect  is  a  warming  of  the  skin  surface  and  a  consequen 
reduction  of  the  siqierficial  thermal  gradient  concerned  m  co  d  sensations 
and  also  of  the  deeper  reversed  thermal  gradient  assumed  to 
with  warmth.  The  former  of  these  two  changes  would  deciease  the  dis 
charge  from  cold  receptors,  and  this  might  decrease  existing  vasocon- 
s  ricfion  The  resulting  vasodilatation  exaggerates  the  deeper  reversed 
gradient  and  adds  positive  warn.tl,  sti.nnlation  to  a  .nere  ‘-en-O'-l  o  ^ 
^Sucli  a  theory  is  possibly  far-fetched.  However  it  is  very  difhei  It  to 
advance  any  theory  which  explains  sensations  called  warmth  ,irodiieed 
l,v  wmrn.er  air,  and  also  accounts  for  a  similar  sensation  rom  s  innili 

given  by  water  at  a  at 

rrlf"a*^::t,:r  :  otid'  aig  the  path  of  entering 

temperat  .  i,,  iw.  r-iisod  to  that  of  the  deep  tissues.  Consequently 

temperature  reactions  of  the  heat  conservation  center. 

V^XtltiZ  o.?U^  induced  rellexly  at  an  earlier  stage. 
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The  effects  of  warmth  spread  rapidly  through  the  tissues,  equilibrium 
being  attained  much  more  rapidly  than  with  cold.  The  vasodilatation  and 
rapid  blood  flow  tend  to  equalize  temperatures  and  to  disperse  heat  more 
evenly  throughout  the  body.  Superficial  layers  which  have  been  previously 
cooled  are  rewarmed  from  both  the  surface  and  deep  aspects,  absorbing 
heat  from  the  warmer  environment  as  well  as  from  the  entering  blood. 
Within  an  hour  (unless  previous  cooling  has  been  extreme)  rectal  tem¬ 
perature  and  presumably  brain  temperature,  is  somewhat  raised,  and 
sweating  develops. 

When  the  deep  temperature  is  rising  rapidly  (which  would  not  be  the 
case  under  the  mild  conditions  supposed  to  exist) ,  respiration  is  increased. 
This  is  apparently  not  related  to  the  panting  of  nonsweating  animals,  and 
the  change  is  not  of  the  type  to  assist  heat  loss  except  to  a  minor  extent. 
Respiration  is  usually  deep  and  slow,  not  shallow  and  fast;  it  is  adapted 
for  the  removal  of  carbon  dioxide  with  moderate  evaporation  of  water, 
rather  than  evaporation  of  water  with  little  or  no  change  in  carbon 
dioxide  tension.  Its  value  appears  to  be  that  it  corrects,  and  indeed  over¬ 
corrects,  the  increased  acidity  that  results  from  the  simple  warming  of 
blood.  Carbon  dioxide  is  washed  out,  the  respiratory  quotient  is  raised 
and  may  exceed  a  value  of  1.0  and  the  blood  becomes  alkaline.  (The 
opposite  reaction  may  be  seen  temporarily  during  cooling,  but  it  is  rapidly 
reversed  when  shivering  supervenes.) 

Sweating  continues,  as  it  must,  as  long  as  the  subject  is  exposed  to  hot 
conditions,  though  it  may  decrease  as  the  subject  becomes  more  accli¬ 
matized.  Any  such  decrease  depends  either  on  a  more  efficient  use  of 
sweat  evaporation  (e.  g.,  due  to  a  more  even  distribution)  or  to  the 

emplojmient  of  other  methods  of  adjustment,  and  a  consequent  reduction 
of  the  load. 

IVIarked  dilatation  of  the  superficial  veins  requires  a  considerable  dis¬ 
placement  of  blood  to  the  skin.  This  may  necessitate  a  considerable 
splanchnic  constriction.  Mild  warmth  may  cause  a  fall  of  blood  pressure 
warmth  adequate  to  induce  strains  may  cause  a  rise  of  blood  pressure.’ 
Only  after  the  blood  volume  has  been  increased  can  the  superficial  veins 
be  fil  ed  .-ead.ly  without  necessitating  intense  splanchnic  constriction 
I  er, pi, era!  venous  dilatation  may  not  reach  its  maximum  possibly  for 
SOI  le  days,  when  blood  volume  changes  have  become  W'ell  advanced\he 
initial  increase  111  blood  volume  depends  on  absorption  of  fluid  with  no 
merease  in  total  hemoglobin  and  little  change  in  the  total  plasma  protean 
The  initial  change  is  rapid  but  limited.  After  a  few  davs  !  .  • 

r:;id  «:•:  i't:^.rm^;t  ofe:;:::,;:^  s  -  i::  [i:f 

Increase  in  total  hemoglobin  hnc  t  i  much  standing, 

certainty  under  experimental  conditions.™  "  yet  with 

most  of  the  'iXorfrZ'ihelirbsTeh™  vascular  dilatation, 

than  m  venae  coinites  The  blood  therpf  "  ^''bv'ficial  veins  rather 
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hands  and  feet.  Venous  blood  no  longer  is  rewarmed  during  its  return; 
on  the  contrary,  it  continues  to  cool  further  in  its  path  up  the  arm.  Under 
such  conditions  both  venous  and  surface  temperatures  on  the  fingers 
and  hand  may  be  higher  than  those  observed  at  the  elbow,  and  the  high 
temperatures  existing  in  these  small  cylinders  help  to  dissiiiate  heat. 

Acclimatization  to  warmth  is  mainly  accomidished  during  the  first 
week,  but  like  that  to  cold  it  is  ])robably  not  complete  for  months. 
Acclimatization  includes  the  vascular  changes  described,  probably  also 
an  hypcrtrojiliy  of  sweat  glands  as  the  result  of  their  maintained  activity, 
and  a  capacity  of  sweat  glands  to  secrete  more  dilute  sweat  and  thus  to 
conserve  salt.  The  basal  metabolism  is  somewhat  lowered  as  the  result 
of  reduced  thyroid  activity.  This  change  is  jirobalily  rapid  in  onset  but 
small  in  quantity.  Individuals  are  affected  psychologically  and  tend  to 
reduce  their  voluntary  activities,  so  that  their  total  metabolism  is  re¬ 
duced.  Other  reversals  of  the  changes  accompanying  cold  probably  occur, 
but  they  are  not  readily  recognized  or  timed. 

These  descriptions  of  the  adjustments  made  to  heat,  as  also  those 
])rcviously  given  for  reactions  to  cold,  ])robably  present  a  very  inadequate 
picture  of  the  total  adjustments.  Unfortunately  little  that  is  more  definite 
can  be  stated  as  yet  even  on  a  tentative  basis. 
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CHAPTER  5 


PHYSIOLOGICAL  ADJUSTMENTS  TO  HEAT 


Sid  Robinson* 

The  normal  human  body  is  cajiable  of  making  remarkable  adaptations 
in  buffering  the  effects  of  extreme  environmental  temperatures  and  main¬ 
taining,  in  all  natural  hot  climates,  its  internal  temperature  within  rather 
narrow  limits.  Nature  has  endowed  us  with  an  excellent  thermostat  which 
controls,  on  the  one  hand,  mechanisms  that  can  maintain  heat  dissipation 
from  the  body  against  surprisingly  great  environmental  heat  resistances, 
and,  on  the  other  hand,  mechanisms  which  can  husband  the  body’s  heat 
store  when  the  cooling  power  of  the  environment  is  increased  and  can 
bring  about  marked  increments  in  the  body’s  heat  production  when  the 
cooling  power  of  the  environment  becomes  great.  The  old  idea  that  man 
is  more  indebted  to  the  ingenuity  of  his  mind  than  to  the  pliability  of  his 
body  in  the  accommodation  to  a  hot  climate  is  not  true  in  view  of  our 
present  knowledge  of  the  physiological  adjustments  which  are  made, 
although  it  must  have  seemed  true  to  people  living  a  hundred  years  ago. 
It  is  the  purpose  of  this  chapter  to  outline  modern  information  concerning 
the  mechanisms  and  limitations  of  man’s  adaptation  to  hot  environments. 

A  complete  bibliography  will  not  be  given  since  a  number  of  excellent 
bibliographies  in  this  field  have  already  been  published.  Since  1920  reviews 
mid  monographs  have  been  written  by  Barbour.^  Bazett,^  Sundstroem  ^ 
eighton,  Dill,'^  Blum,®  Machle  and  Hatch, Lee,®  and  Laurens.®  The 
Annual  Review  of  Physiology  was  begun  in  1939  and  each  year  publishes 
a  review  of  current  developments  in  the  field. 

HEAT  EXCHANGE 

In  order  to  maintain  a  constant  internal  bodv  temperature  the  organism 
balance  Us  rate  of  heat  dissipation  against  its  heat  To," 
tabohsm  pins  any  heat  gained  from  the  environment  by  radiation 
ionrofTh  Deviations  from  this  balai.ce  i. Tolve  a  T 

TvaporltT'T  .T^vrnraTTbeT"^  -  D, 

body;  S.  storage  Tih  a  no  K-e  ‘  f™'"  the 

perature  and  a  loss  of  stored  heat'with'a  '’“ely  tern- 

temperature;  R.  radiation  is  positive  '  '' 

higher  temperature  than  the  bodvlm-faee  f sm-faces  ai-e  of 
by  radiation,  negative  when  these  sm  fT  r'f 
•The  iaueinj  .  r  ,  r,r,!  ‘emperatnre  than 

for  I.elp  in  tl.e  preparation  of  tlie  ndan.bseript  ;f  tt  ehapl:;!'"^ 
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the  body  surface;  C,  convection,  is  positive  when  air  temyierature  exceeds 
that  of  the  liody  surface  and  negative  when  it  is  lower  than  that  of  the 
skin.  Thermal  balance  is  achieved  by  regulating  both  heat  dissipation 
and  metabolic  heat  iirodiietion.  Although  regulatory  adjustments  of 
metabolism  are  relatively  small  in  hot  environments  as  coinjiared  with  the 
high  metabolic  rates  ])rodnced  by  shivering  in  cold  environments,  the 
elevation  of  metabolism  by  work  may  have  profound  effects  on  thermal 
balance  in  hot  environments. 


A  resting  n.an  in  a  cool 

heat  by  railiation  ami  convection  w  ii  e  t\  ap  ‘  ^  f  |,„,t 

water  loss  from  skin  ami  Inngs  which  «  •  "  eliminatea  as 

of  metal, olism.  lladiat.on  ami  limit  ami  air 

avenues  of  heat  loss  m  .„(„rc  of  the  hoilv  surface.  Thus 

temperatures  equal  or  excccc  (|,'®„Avenuc5  of  heat  dissipation  is  atfected 

ly  ::vi— iaft'em^  radiation  ami  convection  being  mcreas- 
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ingly  important  as  the  environmental  temperature  drops  lielow  skin  tem¬ 
perature,  and  evaporation  playing  the  major  role  in  heat  dissipation  as  the 
environmental  temperature  rises  toward  skin  temperature  (Figure  27) . 

Radiation,  The  heat  exchange  by  radiation  in  indoor  environments  may 
be  calculated  by  the  Stefan-Boltzman  equation,  according  to  which 
radiation  between  two  surfaces  expressed  in  Cal./m.“/hr.,  takes  place  in 
proportion  to  the  emissivity  of  the  surfaces  times  the  difference  between 
the  fourth  powers  of  their  absolute  temperatures.  In  order  to  apply  the 
equation,  therefore,  it  is  necessary  to  know  the  man’s  effective  radiating 
surface  area,  the  surface  temperatures  of  the  man  and  surounding  objects 
and  the  emissivity  of  the  surfaces. 

Emissivity  and  absorptive  powers  of  surfaces  are  affected  by  such 
factors  as  color  and  smoothness.  It  has  been  found  that  of  the  total  solar 
radiation,  the  white  man’s  skin  will  reflect  from  30  to  45  per  cent,  depend¬ 
ing  on  the  degree  of  pigmentation,  whereas  the  Negro’s  skin  reflects  only 
16  to  19  per  cent.^  The  principal  difference  in  transmission  of  radiation  by 
the  two  skins  is  in  the  visible,  the  near  infra-red  and  the  near  ultraviolet 
parts  of  the  spectrum.  It  is  interesting  that  the  skin  of  both  white  men 
and  Negroes  acts  as  a  perfect  black  body  in  so  far  as  the  exchange  of  far 
infra-red  radiation  is  concerned. 

The  effective  radiating  surface  area  of  a  standing  nude  man  is  85  per 
cent  of  his  total  area,  according  to  measurements  made  by  Bohnenkamp 
and  Ernst.^®  The  remaining  15  per  cent  of  his  surface  area,  such  as  the 
inner  surfaces  of  legs  and  arms  and  the  sides  of  the  trunk,  radiates  to  other 
skin  surfaces.  Winslow,  Gagge  and  Herrington^'  found  the  effective  radi¬ 
ating  surface  in  sitting  men  to  be  70  to  75  per  cent  of  the  DuBois  area. 

Under  outdoor  conditions  of  sunlight  it  is  not  practicable  to  estimate 
radiation  exchange  of  men  by  the  Stefan-Boltzman  equation  as  did 
Winslow  et  al.  in  their  experimental  room  where  the  heat  load  imposed 
b}^  radiation  was  limited  almost  entirely  to  far  infra-red  rays  from  the 
vwflls  and  surrounding  objects.  It  will  be  recalled  that  human  skin  absorbs 
this  type  of  radiation  as  a  perfect  black  body.  The  situation  is  much  more 


eomplex  in  sunlight.  Although  its  total  intensity  at  any  time  mav  be 


measured,  solar  radiation  has  a  wide  distribution  of  wave  lengths  which 
are  emitted  at  varying  intensities  and  which  are  absorbed  by  the  skin  to 


varying  degrees.  Complicating  the  problem  still  further  are  the  facts  that 
he  spectrum  and  intensity  of  direct  solar  radiation  are  different  from 

.]„?!!  Tl’f  '''"‘■'t  '“‘■'d  of  men  in  the  desert  was 
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We  have  also  found  that  clothing  reduced  heat  absorption  of  resting 
men  in  the  summer  sun  and  saved  them  about  125  gm.  of  evaporation  an 
hour.  However,  the  difference  in  favor  of  clothing  disappeared  when  the 
men  were  working  with  metabolic  rates  of  240  Cal./m.^/hr.,  and  when  the 
rate  of  work  was  raised  still  further  the  clothing  increased  the  men  s 
evaj)orative  requirements  to  values  well  over  their  requirements  when 
they  wore  only  shorts,  shoes  and  socks  (Fig.  29)  .  The  clothing  acted  as  a 
barrier  to  heat  transfer  in  either  direction;  i.  e.,  in  radiation  to  the  man 
or  in  loss  of  metabolic  heat  from  the  man.  At  rest  and  in  the  lower  rates  of 
work  the  protection  afforded  by  the  clothing  against  radiation  was  rela¬ 
tively  greater  than  its  resistance  to  metabolic  heat  loss;  in  the  hardest 
work  the  reverse  was  true  because  the  metabolism  was  so  greatly  increased. 
In  so  far  as  the  heat  regulation  and  heart  rates  of  the  men  are  concerned 


they  were  distinctly  better  off  in  both  moderate  and  hard  grades  of  work 
in  shorts  than  when  wearing  clothes.  ^ 

Convection.  The  exchange  of  heat  between  the  body  and  surroundim? 

"rLeTnd  dm  “7  temperature'between  Z  btdy 

TnnTnf  ^  '>ft<‘>-'"'nes  the  heat  absorbed  or  given  un  hi 

a  unit  mass  of  air  coming  m  contact  with  the  skin  anrl  ro\  ^ 

ment  which  determines  tkn  n.n  the  skin,  and  (2)  the  air  move- 

face.  Air nmvemenrry  e  Z  ,  with  the  sur- 

from  altered  air  tLnneMtn  -e  »  T'!  a  ''''  convection  currents  resulting 
amount  of  tree  convection  is  dot  surface,  and  the 

l>etween  skin  an^air  and  1  e  e«  r'''  temperature  gradient 

'•ection.asbya  wimbl  e  leat  eX  "  "  “  “'>■ 

and  this  factor  may  gr'eatlv  exceS  free  f  ‘I'e  air  velocity.a" 

Increasing  air  movement  above  U  km  /hrhbri'htle"''m”"b  ' 

heating  effect  on  the  body.  Bodily  movem'eut  wi^t  timbinmth?  ” 
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medium  will  also  increase  convective  exchange  as  a  function  of  the  rate 
of  movement,  as  shown  in  Figure  80. 

Evaporation.  One  of  the  most  important  jirojicrties  of  water,  in  so  far 
as  it  pertains  to  biological  systems,  is  its  high  latent  heat  of  vaporization; 
i.e.,  0.58  Cal./gni.  at  38°  C.  Evaporation  of  water  from  the  skin  and  air 
passages  is  the  only  way  of  dissipating  body  heat  by  a  man  in  situations 
where  the  environmental  temperature  exceeds  his  skin  temperature.  A 
dramatic  illustration  of  the  cooling  effect  of  evaporation  from  the  skin  is 
the  experiment  of  Blagdcn--  in  which  men  remained  for  a  period  of  fifteen 
minutes  in  a  dry  atmosphere  of  250°  F.  without  ill  effects,  while  a  beefsteak 
heated  to  such  a  temperature  was  cooked  in  fifteen  minutes.  Even  in 
temjierate  environments  evajioration  becomes  increasingly  important  in 
heat  regulation  as  the  metabolic  rate  is  increased  in  work.  In  man  the 
regulation  of  evajioration  to  meet  the  stresses  im])osed  by  hot  environ¬ 
ments  and  by  the  increased  metabolism  of  work  is  largely  through  control 
of  the  activity  of  the  sweat  glands.  Evaporation  from  the  wet  surfaces  of 
the  lungs  and  air  passages  may  be  increased  by  increasing  lung  ventila¬ 
tion,  but  a  man’s  adjustments  of  evaporation  in  this  way  are  relatively 
small  as  compared  with  the  range  of  adjustment  possible  by  the  sweat 

glands  in  the  skin.  ^  . 

There  are  two  ways  by  which  water  is  transferred  through  the  skin;  i.e., 
insensible  perspiration  and  sweating.  Insensible  perspiration  involves 
the  eva])oration  of  water  which  diffuses  through  the  epidermis  from  the 
deeper  layers  of  the  skin.  The  surface  of  the  skin  is  never  actually  wet 
with  insensible  ])erspiration;  in  fact,  if  its  surface  is  wet  the  diffusion  of 
water  through  the  skin  is  stojiped  because  the  pressure  gradient  which 
brin^Ts  about  the  diffusion  is  reduced.  In  addition  to  the  insensible  water 
loss  *through  the  skin,  the  evaporation  from  the  moist  surfaces  of  the 
respiratory  system  varies  with  the  respiratory  volume  and  the  moisture 
content  of  the  inspired  air;  expired  air  under  ordinary  conditions  is  ap¬ 
proximately  95  per  cent  saturated  at  a  temperature  of  83  to  85  llic 

total  amount  of  insensible  water  loss  from  lungs  and  skin  of  a  resting  man 
under  comfortable  conditions  is  about  30  gm./hr.,  which  absorbs  about 
17  Cal  of  bodv  heat  per  hour,  about  a  third  of  this  taking  place  m  the 
respiratorv  system.  Newburgh  et  found  in  subjects  living  in  cool 

environments  ami  performins  only  tl.e  routines  of  life  that 
evaporation  over  twenty-four  hour  periods  varied  directly  with  metabolic 
rate  and  that  it  dissipated  about  24  per  cent  of  the  metabolic  r- 

ton  et  found  that  insensible  iicrspiratiou  varied  direct  y  \vi 

volme  of  cTrciilation  through  the  skin  and  ndtli  skm  tempemture^ 
Pinson  27  stiidving  water  loss  in  .skin  areas  m  which  the  s^^ eat  glands  In 

ooo  r  Tlip  minimal  rate  of  diffusion  tliroiigli  tlie  sKiii  uimci 
was29  (.  l  ne  miniiii.il  1.  q  TtI  /m  ^/hr.  per  cm.  llg 

of  insensible  perspiration  rqiresents  about  3  (ml./m.  /l  I 
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difference  in  water  vapor  pressure  between  the  skin  and  the  air  when  the 
air  movement  is  8.65  cm.  per  second,  according  to  Gagge  At  roo 
temperatures  below  27°  C.  for  nude  men  and  below  21  C.  for  normally 
clothed  men,  although  insensible  evaporation  takes  place  it  is  not  needed 
in  the  dissipation  of  resting  metabolic  heat  because  radiation  and  con¬ 
vective  losses  are  adequate  or  more  than  adequate.  i  j 

When  the  environmental  temperature  exceeds  29°  C.  for  resting  clothed 
men  and  31°  C.  for  nude  men,  heat  loss  by  radiation,  convection  and 
insensible  evaporation  becomes  inadequate  and  evaporation  from  the  skin 
is  increased  by  the  secretion  of  sweat.  Temperatures  above  these  fall  in  the 
zone  of  evaporative  cooling  according  to  the  terminology  of  Gagge,  Wins¬ 
low  and  Herrington^®  and  Hardy  and  DuBois.®®’  In  this  zone  the  amount 
of  evaporation  required  to  maintain  thermal  equilibrium  in  the  body  is 
proportional  to  the  effective  radiation  and  air  temperatures  of  the  environ¬ 


ment  (Fig.  27) .  Evaporative  requirement  for  thermal  equilibrium  in  men 
also  increases  in  direct  proportion  to  increased  metabolism  in  work  These 
effects  are  illustrated  in  Figure  31  which  shows  the  rate  of  evaporation 
required  for  thermal  equilibrium  by  nude  men  at  three  metabolic  rates  in 
relation  to  dry  bulb  temperatures  ranging  from  18  to  50°  C.  In  these 
experiments  the  effective  radiation  temperature  of  the  environment  was 
he  same  as  air  temperature  up  to  30°  C.,  and  at  50°  C.  the  radiation 
temperature  was  1.3  C.  below  air  temperature.  The  data  show  that  at  an 
air  temperature  of  38°  C.  an  increase  of  50  Cal./m.  Vhr.  in  metabolic  heat 
production  required  an  increase  of  55  Cal./m.  Vhr.  in  evaporation  The 

ii;  e;:. 
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in  the  air  and  also  on  the  air  movement  around  the  subject.  The  vapor 
pressure  of  water  on  wet  skin  is  iiroportional  to  the  surface  temperature 
of  the  skin.  In  the  air  it  is  dependent  upon  air  temperature  and  relative 
humidity.  Ciagge~^  has  found  that  the  amount  of  evaporation  will  also 
depend  on  the  percentage  of  the  skin  surface  which  is  wet,  and  has  devised 
a  means  of  estimating  the  per  cent  wetted  area  of  a  man.  According  to 
(lagge  the  maximal  rate  of  evaporation  from  the  completely  wet  nude 
skin  of  a  resting  man  is  about  28.5  Cal./m.-/hr.  ])er  cm.  Ilg  difference 
in  water  vapor  jiressure  between  the  skin  and  the  air  when  there  is 
a  turbulent  air  movement  of  8.(55  cm.  per  second.  This  coefficient  is 
increased  by  increasing  the  air  movement  or  the  bodily  movements 


Fig.  32.  Percentage  of  maximum  possible  area  of  wetted  skin  surface  It  in  relation  to 
air  temperatures.  Solid  circles,  high  humidity.  Open  circles,  low'  humidity.  (Data  of  Winslow 
et 


of  the  subject.  To  illustrate  the  effectiveness  of  variations  in  the  per  cent 
wetted  area  of  a  man  Winslow,  Herrington  and  (iagge,^^-  33  ^^ve  shown 
that  in  air  temperatures  up  to  84°  C.  varying  relative  humidity  between 
15  and  78  per  cent  has  no  appreciable  effect  upon  the  magnitude  ot 
evaporative  heat  loss  of  resting  men.  The  constancy  of  evaporative  oss 
with  varying  relative  humidity  at  each  dry  bulb  temperature  m  this 
range  is  maintained  by  changes  in  sweat  secretion  and  the  percentage 
of  the  skin  surface  wetted.  In  humid  atmosiiheres  the  iierccntage  of 
wetted  area  is  increa.sed  and  this  keeps  evaporation  up  to  the  amount 
required  by  the  men  for  thermal  equilibrium.  That  this  is  true  is  shmMi 
by  Figure  32,  taken  from  their  paper,  in  which  the  percentage  o  we  t 
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area  is  plotted  against  air  temperature  for  both  high  (44  to  78  per  ceiit) 
and  low  (16  to  35  per  cent)  relative  humidities.  In  the  zone  of  insensi  e 
perspiration  relative  humidity  has  no  effect  on  wetted  area  but  in  the 
zone  of  evaporative  cooling  the  per  cent  wetted  area  is  greatly  increased 

in  humid  atmospheres. 

Our  data  on  men  working  at  a  constant  rate  in  an  air  temperature  of 
50°  C.  indicate  that  the  above  principle,  established  by  Winslow  et  al, 
may  be  extended  to  more  extreme  conditions  (Table  5)  .  Our  working 
subjects  even  showed  slight  increases  in  their  rates  of  evaporation  when 
relative  humidity  was  increased  from  10  to  18  per  cent  in  an  air  tempera¬ 
ture  of  50°  C.  because  it  raised  their  skin  temperatures  and  the  skin  was 
more  completely  wet.  The  data  represent  the  average  values  observed  on 
the  men  in  the  second,  third  and  fourth  hours  of  the  exposures,  periods  of 
each  experiment  during  which  their  body  temperatures  remained  constant. 


Table  5.  The  Effect  of  Relative  Humidity  on  Evaporation  from  Men  Walking  on 

A  Treadmill  at  a  Constant  Rate 


(Each  value  is  the  average  during  the  second,  third,  and  fourth  hours  of  an  exposure  during 
which  no  change  in  body  temperature  occurred.) 


Subject 

Air 

Tempera¬ 
ture 
°  C. 

Relative 

Humidity 

% 

Skin 

Tempera¬ 
ture 
°  C. 

Evaporation 

Cal. /hr. 

Metabolic 

Rate 

Cal./hr. 

K.  L. 

50.5 

8 

35.5 

631 

273 

B.  B. 

50.0 

12 

35.0 

683 

363 

S.  R. 

50.1 

11 

35.0 

697 

328 

Average 

50.2 

10 

35.2 

670 

321 

K.  L. 

50.1 

17 

36  3 

653 

290 

B.  B. 

50.0 

18 

35  3 

712 

370 

S.  R. 

50.3 

18 

35.1 

753 

346 

Average 

50.1 

18 

35.6 

706 

335 

Average  Difference 

-0.1 

+8 

"4-0.4 

-1-36 

+  14 

From  the  above  data  it  is  obvious  that  there  is  an  extremely  delicate 
and  perfect  sweating  mechanism  at  work  which  increases  the  wetted  area 
ot  the  skin  so  as  to  balance  exactly  the  decreased  moisture  demand  of  a 
hunud  atmosphere  and  thus  maintain  evaporative  heat  loss  at  a  desirable 


In  hot,  humid  atmospheres  where  the  difference  between  the  vapor 
pressure  on  the  skin  and  m  the  air  is  small  the  rate  of  moisture  uptake 
by  the  air  is  the  limiting  factor  in  determining  maximal  evaporative  cool- 

ToniXtelv  w.'t  "“'l  ‘7"’’“'  profusely,  his  skin  becomes 

ompletely  wet,  and  much  unevaporated  sweat  drips  from  his  skin  The 

“sesIsThTmr^f''  1  '-k  Ind 

increase  as  the  rate  of  work  and  metabolism  are  increased  In  hot  dr„ 
atmospheres  (50“  C.  with  18  per  cent  relative  hnmichU )  with 
a.r  movement  men  working  with  metabolic  rates  of  19()  Cal  n NXr  nvw 
have  to  evaporate  a  total  of  1.2  kg.  of  sweat  an  honr  in  o  ie  to  regnZ 
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body  temperature,  ^\  llere  the  eva})orative  requirement  is  as  high  as  this, 
failure  in  heat  regulation  results  from  inadecpiate  sweating  due  to  fatigue 
of  the  sweating  mechanism  if  the  exposure  is  continued  for  five  or  six 
hours  or  if  the  subject  is  not  well  acclimatized  to  work  in  hot  environments 
(Fig.  3G,  p.  214).  In  the  rare  individuals  who  are  congenitally  unable  to 
sweat,  adaptation  to  such  situations  is  imj)ossible. 

PHYSIOLOGICAL  ADAPTATIONS 

Ihe  above  discussion  outlines  the  physical  mechanism  of  heat  exchange 
with  the  environment,  showing  how  elevations  of  environmental  air  tem¬ 
perature,  humidity,  or  radiation  interfere  with  heat  dissipation  from  the 
body.  Only  brief  mention  has  been  made  of  the  adaptive  reactions  of  the 
body  to  such  increased  environmental  heat  stresses.  If  the  heat  stress  is 
of  moderate  degree  these  phj'siological  reactions  may  be  able  to  maintain 
thermal  equilibrium  between  the  organism  and  the  environment;  if  it  is 
too  severe  they  may  fail  and  result  in  j)rogressivcly  rising  internal  body 
temperature.  The  ada])tive  responses  which  occur  most  quickly  are  altera¬ 
tions  of  the  circulation  to  facilitate  heat  transfer  from  the  internal  sites  of 
heat  production  to  the  skin,  and  sweating  to  increase  heat  loss  by  evapora¬ 
tion.  These  adaptations  may  also  involve  shifts  of  water  within  the  body 
with  a  resultant  change  in  plasma  volume,  mobilization  of  blood  from 
inactive  depots  to  increase  the  total  circulating  blood  volume,  elevation 
of  internal  temperature,  alterations  of  temj)erature  gradients  between  the 
central  and  peripheral  tissues,  increased  pulmonary  ventilation,  and  alter¬ 
ations  of  metabolic  rate. 


CIRCULATORY  ADJUSTMENTS  TO  HEAT 

The  burden  of  maintaining  heat  balance  in  the  body  in  hot  environ¬ 
ments  is  borne  principally  by  the  circulatory  system.  T.he  conductance  of 
heat  from  the  tissues  in  which  it  is  being  i)roduced  to  the  skin  and  res¬ 
piratory  system  where  it  is  dissipated  is  largely  dependent  on  the  circula¬ 
tion;  simple  conductance  by  body  tissues  alone  would  severely  limit  the 
rate  of  heat  transfer  from  the  interior  to  the  surface  of  the  body.  The  blood 
and  tissue  fluids,  composed  largely  of  water,  have  a  high  specific  heat  and 
high  conductivity  of  heat;  these  jn-operties  arc  important  in  that  large 
amounts  of  heat  can  be  stored  and  transported  with  small  changes  m 

temperature.  .  •  i 

The  capacity  of  the  circulation  to  make  the  varied  adjustments  required 

in  heat  regulation  in  hot  environments  is  surprisingly  great.  The  maximal 
adjustments  possible  in  a  man  well  acclimatized  to  work  m  the  heat  are 
illustrated  by  the  following  example.  In  our  laboratory  men  have  been 
found  capable  of  maintaining  thermal  cquihbrinin  and  water  balance 
while  working  for  six  hours  with  metabolic  rates  of  190  Cal./m.-/or-  in 
an  air  temperature  of  50°  C.,  with  relative  humidity  18  per  cemt,  or  m  an 
air  temperature  of  33°  C.  with  95  per  cent  relative  ^ 

dilatory  system  of  a  man  in  these  situations  is  meeting  a  threefold  <lcmand 
in  addition  to  the  requirement  for  the  usual  metabolic  processes.  (  )  ^ 
;.::rge  blood  flow  through  the  working  uu, soles  l-j—  7';'™  ^ 
exchange  and  conducts  away  the  excess  lieat  produced  there,  (2)  b  o 
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flow  through  the  skin  cools  the  blood  and  supplies  the  sweat  glands  with 
water  at  rates  as  high  as  1.5  l./hr.;  and  (3)  flow  through  the  alimentary 
tract  transfers  water  from  there  to  the  skin  and  s\^  eat  glan  s. 
able  to  achieve  this  remarkable  adjustment  by  increasing  the  minute 
volume  of  his  heart  to  about  three  times  its  resting  level  and  by  very  fine 
vasomotor  adjustments  operating  upon  a  blood  volume  which  may  be 
considerably  increased  over  the  volume  observed  on  the  man  when  not 

adapted  to  the  heat.  i  u  i  •  • 

Cutaneous  Circulation.  Increased  blood  flow  through  the  skin  is 

brought  about  by  cutaneous  vasodilatation  and  under  ordinary  condi¬ 
tions  results  in  raising  the  skin  temperature  which  in  turn  increases  heat 
loss  from  the  skin  by  evaporation,  radiation  and  convection.  The  skin 
circulation  is  characterized  by  its  wide  variation  and  rapid  adjustment  of 
flow.  Selective  reactions  in  different  skin  areas  are  a  prominent  character¬ 
istic  of  cutaneous  circulation  as  shown  by  Hertzman®^  and  Hertzman  and 
Dillon®^  who  found  the  richness  of  blood  supply  to  various  skin  areas  to 
be  arranged  in  descending  order  as  follows:  finger  pad,  ear  lobe,  toe  pad, 
palm  of  hand,  forehead  and  face,  forearm,  knee  and  tibia.  A  number  of 
investigators®*’’  have  found  that  blood  flow  through  the  hands 

and  feet  is  primarily  related  to  body  heat  regulation.  Abramson  and  Fer- 
ris^^  found  that  the  rate  of  flow  through  the  arms  and  legs  is  more  closely 
related  to  the  metabolic  requirements  of  these  regions.  Grant  and  Pear¬ 
son®®  made  the  significant  observation  that  the  venous  blood  flow  through 
the  skin  of  the  forearm  is  derived  not  only  from  the  digits  and  hands  but 
to  an  important  degree  from  the  muscles  of  the  forearms.  Since  superficial 
veins  are  thus  supplied  with  blood  from  the  muscles  and  deeper  tissues 
they  must  play  an  important  and  direct  part  in  heat  regulation.  Scott, 
Bazett  and  Mackie'*®  noted  increased  distention  of  the  superficial  veins 
of  the  forearm  in  relation  to  four  or  five  days  of  acclimatization  to  heat. 
BurtoiP®’  observed  simultaneous  increases  in  flow  to  fingers,  toes  and 
nostrils  in  response  to  heat  stimulus.  Scott,  Bazett  and  Mackie^®  found 
an  increase  of  blood  flow  through  the  fingers  from  control  values  of  1 
cc./min./lOO  gm.  of  tissue  in  a  cool  environment  to  80  or  90  cc./min.  when 
the  men  were  exposed  to  heat. 

Responses  of  this  type  involving  simultaneous  dilatation  of  large  vas¬ 
cular  areas  are  accompanied  by  changes  in  general  blood  pressure'^®-  and 
also  by  changes  m  heart  output  and  blood  volume  according  to  experi¬ 
ments  of  Bazett  et  al^~'  These  authors  observed  that  four  days  of 
acclimatization  to  a  warm  environment  caused  both  the  maximal  and 
average  blood  flow  through  men’s  fingers  to  increase  by  10  to  25  per  cent 
over  values  observed  on  the  first  exposure  to  heat.  When  exposed  to  cold 
after  acclimatization  to  heat  the  men  were  unable,  bv  vasoconstriction 
to  reduce  blood  flow  to  the  fingers  to  the  usual  low  level  of  about  1 
cc  /min./lOO  gm.  of  tissue.  It  required  two  or  three  davs  of  exposure  to 

cold  to  })repare  the  heat-acclimatized  men  for  maximal  peripheral  vaso¬ 
constriction. 

The  mechani.sm  of  cutaneous  vasodilatation  in  response  to  heat  stress 
may  involve,  through  the  vasomotor  centers,  a  reduction  in  vasocon¬ 
strictor  tone,  and,  in  extreme  heat,  an  increase  in  vasodilator  tone.  The 
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response  is  ])robably  elicited  by  reflexes  through  the  heat  regulatory 
centers  originating  in  the  temj)erature  receptors  in  the  skin.  A  direct 
effect  of  elevated  internal  body  temperature  acting  u])on  the  heat 
regulatory  center  may  also  play  a  part  in  the  vasomotor  responses  to 
heat,  dhere  are  evidences  that  axon  reflexes  and  also  a  direct  action  of 
heat  on  the  cutaneous  blood  vessels  by  a  rise  in  skin  temperature  may  be 
factors  concerned  in  regulating  locally  blood  flow  to  the  skin.  Lewis  and 
Grant^'  gave  evidence  that  vasodilator  substances  play  a  prominent  part 
in  cutaneous  circulatory  response  to  warmth.  However,  S{)ringorum^®  has 
found  that  vasodilators  such  as  acetylcholine,  histamine  and  adenylic  acid 
do  not  act  on  the  vessels  of  the  skin  dilated  by  exposure  to  heat.  Methods 
used  for  estimating  cutaneous  blood  flow  have  included  the  ])lethysmo- 
graph,  the  thermostromuhr,  skin  color,  skin  temperature  and  measure¬ 
ment  of  arteriovenous  (>2  difference. 

Conductance.  The  concept  of  the  thermal  conductance  of  the  tissues 
has  been  developed  by  Hurton,'*'*  and  other  workers'"’"*  *'’-*  '’■*  have 

confirmed  and  adopted  it.  Conductance  may  be  expressed  by  the  equation: 


A(T,-T.) 

where  C  is  the  coefficient  of  heat  conductance  of  the  tissues,  jMs  is  the 
metabolic  heat  loss  through  the  skin,  A  is  the  surface  area  in  square 


Table  (5.  The  Effects  of  Wohk  and  Hot  Environments  on  the  Heat  Conductance 
Expressed  as  (’al. /m.*/°C.  Difference  between  Rectal  and  Skin  Temperati  re 

('I'he  values  are  av'erages  on  four  men) 


Work 

.Metaholi.sm 

Cal./m.Vhr. 

Hot  Environment* 

.\ir  Temperature  21°  C. 

Speed 
km. /hr. 

tirade 

% 

Tr  -  T. 

Conduetanee 

T.  -  T. 

t'onductanee 

5.6 

2  5 

180 

2  3 

78 

6  2 

30 

4  0 

0 

124 

17 

73 

5.2 

24 

re.st 

46 

13 

35 

4.7 

10 

*  The  most  severe  heat  stress  in  which  the  men  could  maintain  thermal  equilibrium  during 
six  hour  exposures  in  the  respective  activities.  (See  Fig.  37.) 


meters,  Tr  is  the  rectal  temperature  and  Ts  is  the  mean  skin  temperature. 
The  rate  of  conductance  is  dependent  primarily  on  the  rate  of  cutaneous 
blood  flow.  Robinson  and  colleagues,  in  unpublished  data,  have  found  that 
becau.se  of  the  high  rate  of  circulation  between  the  inner  tis.sucs  and  the 
skin,  an  acclimatized  man  working  under  conditions  of  extreme  heat  stre.s.s 
is  capable  of  conducting  metabolic  heat  to  the  skin  at  a  maximal  rate  ot 
78  Cal./m.2/hr.  per  degree  centigrade  difference  between  rectal  and  skin 
temperature  (Table  (i) .  The  data  also  show  the  maximal  coefhcients  ot 
heat  conductance  from  interior  to  surface  m  the  same  men  at  two  lowei 
metabolic  rates  including  a  lower  rate  of  work  and  the  resting  sta  c. 
It  will  be  noted  that  the  maximal  coefficient  of  heat  conductance  is  moic 
Ilian  twice  as  higl.  in  work  as  in  rest.  This  is  undoubtedly  related  to  the 
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fact  that  the  total  minute  volume  of  the  circulation  increases  in  proportion 
to  the  rate  of  work  and  the  metabolic  rate,  and  that  the  massaging  action 
of  the  active  skeletal  muscles  on  the  veins  contributes  to  the  circulation 

in  jiroportion  to  the  rate  of  bodily  movement. 

These  maximal  coefficients  of  heat  conductance  are  about  three  times 
as  great  as  the  values  determined  on  the  same  men  in  corresponding 
metabolic  states  in  a  cool  environment  where  cutaneous  flow  was  re¬ 
duced  by  vasoconstriction.  The  values  of  conductance  in  men  resting  in 
both  cool  and  hot  environments  agree  remarkably  well  with  similarly 
determined  values  by  Burton  and  Bazett^^  and  by  Herrington,  Winslow 
and  Gagge.^^  They  observed  that  in  resting  men  the  coefficient  of  con¬ 
ductance  increased  from  10  in  vasoconstriction  to  39  in  vasodilatation 
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Fig.  33.  Thermal  conductance  of  superficial  tissues  of  the  body  associated  with  various  mean 

skin  temperatures.  (Data  of  Winslow  et 


(Fig.  33) .  Winslow  and  Gagge^^  also  observed  in  working  men  that  con¬ 
ductance  increased  with  increasing  environmental  temperature  up  to 
34  C. 


Posture.  The  erect  position  involves  strain  on  the  circulation  because 
of  the  gravitational  effect  in  pooling  the  blood  in  the  veins  and  capillary 
beds  of  the  lower  parts  of  the  body.^^-  5t.  ss,  59.  eo  xhe  strain  is  intensified 
when  men  are  m  hot  environments.  The  effect  on  the  circulation  is  not  so 
great  in  standing  positions  as  m  passive  positions  such  as  are  produced  in 
tilt-table  experiments.  Observations  of  Allen  et  ai:^^  reveal  that  20  per 
cent  of  subjects  showed  circulatory  insufficiency  with  low  blood  pressure 
and  collapse  when  placed  feet  down  on  a  tilt-table  even  in  a  cool  environ 


PHYSIOLOGY  OF  HEAT  REGULATION 


20() 

passively  with  their  feet  down  wliicli  increases  with  progressively  warmer 
environments  and  higher  angles  of  tilting.  Warm  environments  increase 
the  tendency  of  the  men  to  collapse  and  they  show  elevated  rectal  tem¬ 
peratures  indicating  failure  of  the  circulation  both  ways  in  the  conflict 
between  vasoconstriction  to  offset  the  pooling  effects  of  gravity  and,  on 
the  other  hand,  the  need  tor  cutaneous  vasodilatation  in  heat  dissipation. 

Scott  et  al^~  found  circulatory  insufficiency  in  the  standing  position 
greatly  exaggerated  when  nnacclimatized  men  were  exposed  to  a  warm 
environment,  the  men’s  resjionse  being  characterized  by  reduced  cardiac 
output  and  blood  pressure  and  increased  heart  rate.  When  exposed  to  the 
same  warm  environment  in  the  reclining  position  Scott’s  subjects  showed 
an  average  increase  of  10  per  cent  in  cardiac  output,  a  rise  of  systolic 
pressure  and  a  fall  in  diastolic  pressure  with  the  mean  pressure  remaining 
unchanged  from  control  values,  and  an  increase  of  cutaneous  blood  flow 
to  eighty  or  ninety  times  the  control  values  determined  in  a  cool  environ¬ 
ment.  After  three  to  five  days  of  acclimatization  to  the  warm  environment 
Scott’s  subjects  showed  an  increase  in  the  stability  of  the  circulation  in 
the  standing  position  so  that  values  of  heart  output  and  heart  rate  had 
returned  to  the  control  levels  observed  in  a  cool  environment. 

Blood  Volume.  When  large  vascular  areas  undergo  dilatation  such  as 
the  cutaneous  vasodilatation  of  men  in  hot  environments,  the  men  must 
make  compensating  adjustments  either  by  vasoconstriction  in  other  vas¬ 
cular  beds  or  by  increasing  the  volume  of  circulating  blood  or  both  if  they 
are  to  maintain  an  adequate  blood  flow  and  blood  pressure.  There  is  evi¬ 
dence  that  both  of  these  methods  of  compensation  may  be  utilized  by 
normal  men  in  their  physiological  adaptation  to  hot  environments.  Bazett 
et  al.^^  found  that  the  plasma  volumes  of  unacclimatized  men  exposed  to 
a  dry  bulb  temperature  of  32.G°  C.  with  a  wet  bulb  of  20°  C.  increased  by 
about  10  per  cent  during  the  second  day,  with  a  slight  lowering  of 
liematocrit  and  no  significant  change  in  total  circulating  red  cell  volume. 
Conley  and  Nickerson'*^  found  increases  of  15  to  !^7  per  cent  in  plasma 
volume  and  G  to  IG  per  cent  in  blood  volume  with  a  change  to  a  hot 
environment  for  two  days.  Glickman  et  al.^^  observed  increases  up  to  13 
per  cent  in  plasma  volume  in  single  one  to  four  hour  exposures  of  men  to 
heat  and  some  of  their  subjects  showed  also  an  increase  m  total  circulating 
red  cell  mass.  Earlier  work  by  Talbott  et  showed  a  constant  blood 
volume  during  May  in  Boston  and  midsummer  in  the  desert.  Gibson  and 
Evans«^  found  no  variations  in  relation  to  seasons  in  Boston,  horlics,  llall 
and  Dill''^  found  smaller  average  increases  and  more  variation  m  le 
resting  blood  volumes  of  men  changing  residence  from  Boston  in  winter  to 
the  2^fississippi  Delta  in  summer  than  Bazett  found  in  his  si>^jccts.  T  i 
immediate  environmental  heat  stress  during  their  expeiiments  in  i 
sissippi  was  not  constant  and  in  some  cases  was  probably  not  great  cnoug  i 
tn  nroduce  cxtensivc  vasodilatation  in  the  subjects  skin. 

irthetteim^^^^^^  of  data  on  blood  volume  the  immediate  environ¬ 

mental  temperature  and  the  state  of  vasodilatation  of  the  subjects  dining 
the  observations  must  be  taken  into  account.  From  the  results  of  the 
various  workers  evidence  indicates  that  an  unacclimatizcd  man  is  capable 
if  inc'as^g  Ws  total  circlatiug  blood  volume  by  about  10  per  ceut  m 
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two  to  four  hours  of  exposure  to  heat  stress  severe  enough  to  produce 
general  cutaneous  vasodilatation,  the  increase  being  due  largely  to  in 


creased  plasma  volume.  _  u  4^ 

We  have  found  in  acclimatized  men  working  in  severe  heat  that  tne 

circulating  volumes  of  both  plasma  and  red  cells  during  two  to  six  hour 
exposures  increased  by  an  average  of  13  per  cent  over  contiol  values 
observed  in  cool  environments.  The  work  consisted  of  walking  on  a  tread¬ 
mill  (MR  =  190  Cal./ni.2/hr.)  in  dry  heat  with  a  dry  bulb  temperature 
of  .50°  and  a  wet  bulb  of  29°  C.,  or  in  humid  heat  with  respective  tempera¬ 
tures  of  38°  and  32°  C.  All  nine  subjects  showed  normal  values  of  blood 
volume  when  they  were  resting  or  working  in  a  cool  environment,  and 
increased  blood  volumes  when  working  in  the  heat,  with  normal  or  in¬ 
creased  concentrations  of  red  cells  and  plasma  proteins.  These  rapid 
adjustments  indicate  that  they  were  making  extensive  use  of  the  blood 
reservoirs  in  increasing  and  decreasing  their  blood  volumes  with  the 
changes  of  environment.  One  of  the  men  showed  only  a  4  per  cent  increase 
in  blood  volume  when  he  was  working  in  the  heat  over  values  observed  in 
the  cool  environment.  Since  he  was  among  the  most  heat  tolerant  of  the 
subjects,  as  judged  by  his  capacity  to  maintain  thermal  equilibrium  in 
the  six  hour  work  experiments  in  extreme  heat,  we  must  conclude  that  he 
was  making  compensatory  vasoconstrictor  reactions  in  other  vascular 
areas  which  were  adequate  in  balancing  the  extensive  cutaneous  vaso¬ 
dilatation  produced  by  the  heat.  It  should  be  emphasized  that  all  of  these 
observations  on  blood  volume  apply  to  men  who  were  well  hydrated. 

According  to  Bazett^®  acclimatization  to  heat  produces  even  greater 
increases  in  blood  volume  than  those  indicated  in  short  exposures.  His 
subjects  underwent  greater  increases  in  blood  volume  as  acclimatization 
to  heat  progressed  and  at  acclimatization,  which  occurred  within  a  few 
days,  the  total  circulating  hemoglobin,  plasma  protein  and  plasma  volumes 
had  increased  so  that  there  was  little  change  in  their  concentrations  from 
control  values.  Since  the  changes  in  plasma  volume  progressed  more 
rapidly  than  those  in  cells,  the  initial  changes  were  consequently  associ¬ 
ated  with  reduced  concentrations  of  cells  and  in  some  cases  also  in  the 
plasma  protein  concentration,  although  the  latter  rapidly  regained  its 
control  level  and  even  increased  in  some  cases.  The  circulating  blood 
volumes  of  Bazett  s  heat-acclimatized  subjects  appeared  to  return  to  the 
control  levels  within  two  to  four  days  of  exnosure  to  a  eonl 
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Irom  our  discussion  above  of  the  important  role  of  an  increased  blood 
volume  by  men  in  maintaining  an  adequate  circulation  under  conditions 
of  heat  stress  and  maximal  cutaneous  vasodilatation,  it  is  obvious  that 
dehydration  and  its  consequent  reduction  of  |)lasma  volume  would  in¬ 
crease  the  circulatory  strain  and  reduce  the  tolerance  of  men  to  heat 
stresses.  This  effect  has  been  admirably  studied  by  Adolph*’'*^  and  his  col¬ 
leagues  and  by  Pitts  et  at  the  Harvard  Fatigue  Laboratory.  They 
have  found  that  water  deficits  as  low  as  1  to  2  per  cent  of  body  weight 
cause  measurable  evidences  of  increased  circulatory  strain  as  indicated 
by  increases  in  the  heart  rates  and  rectal  tcm])eratures  of  men  resting  or 
working  in  hot  environments.  The  strain,  under  otherwise  constant  condi¬ 
tions  of  metabolic  rate  and  heat  stress,  increases  linearly  with  further 
increments  in  water  deficit.  Accompanying  the  increased  heart  rates  of 
the  men  associated  with  dehydration,  arc  parallel  increments  in  rectal 
temperature  indicating  a  definite  failure  of  the  circulation  in  its  function 
of  heat  transfer  from  tissues  to  skin.  Such  failure,  accompanied  by  char¬ 
acteristic  symptoms  of  decreased  work  out])ut,  drowsiness,  faintness, 
dys])nea,  dry  mouth  and  restlessness,  Adolph  has  called  dehydration 
exhaustion  which  he  considers  to  be  a  ty[)e  of  heat  exhaustion.  These 
observations  have  been  confirmed  by  our  studies  at  Indiana  University 
and  by  those  of  Kichna  and  liean  at  lu)rt  Knox  and  Keys  and  his  col¬ 
leagues  at  Minnesota. 


WATER  EXC1IASGE 

In  hot  environments  the  water  output  from  the  body  is  increased  in 
proportion  to  the  need  for  increased  evaporation  in  heat  regulation.  The 
physiological  importance  of  balancing  the  increased  output  by  increasing 
the  water  intake  can  be  appreciated  in  the  light  of  the  above  discussion 
of  the  effects  of  dehydration  on  blood  volume,  circulation  and  heat  balance 
of  men  exposed  to  the  heat.  Normally  the  iirinciiial  factors  concerned  with 
regulating  water  balance  of  men  in  hot  climates  arc  sweating,  kidney 

function  and  thirst.  ,  « ,  i 

Sweating.  Evaporation  is  the  chief  protective  mechanism  of  the  body 

against  overheating,  and  adjustments  of  evaporation  are  largely  de- 
iiendcnt  iqion  the  secretion  of  .sweat  since,  as  shown  m  the  above  s^tion 
on  evaporation,  insensible  water  loss  is  narrowly  limited  m  man.  There 
are  two  tvpes  of  sweat  glands  in  the  skin  of  man:  the  apocr.ue  glands 
that  are  distributed  chiefly  in  the  axillae  and  pnhie  regions  and  probably 
have  a  secondary  sexual  function,  an.l  the  cconne  glands,  <hstributed 
generally  over  the  entire  skin,  that  function  in  heat  v 

mon  knowledge  that  the  secretion  of  sweat  in.ay  be  caused  n  J  . 

“liiss;:  “'.'S  ss 

Uiem'  Thermal  sweat,  which  is  eoncerned  "  '‘YXieH^bv 'the 

Ind  is  secreted  in  response  to  liea,  stiiiui  i  " 

eccrine  glands.  We  shall  liinit  our  di.sciission  heie  to  the  lie,it  r<g 

function  of  sweating. 
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The  Control  of  Sweating.  Normally  the  sweat  glands  are  activated  by 
their  nervous  connections,  although  Kuno‘«  gives  evidence  that  they  can 
respond  locally  to  extreme  heat  which  raises  the  skin  temperature  to 
about  43°  C.  Gurney  and  BunnelFi  found  that  in  spite  of  severance  ot 
their  sympathetic  nerve  connections  the  sweat  glands  are  still  able  to 
respond  to  excessive  local  heat  stimuli.  The  motor  nerves  activating  the 
eccrine  glands  of  the  general  body  surface  are  sympathetic  in  origin  and 
vet  they  are  cholinergic  in  nature;  i.e.,  they  show  parasympathetic  phar¬ 
macological  reactions.  That  the  over-all  control  of  thermal  sweating  is 
centered  in  the  hypothalamus  is  proved  by  numerous  experiments  in 
which  the  center  has  been  localized  by  brain  lesions,  sections  or  by  deter¬ 
mining  the  sweating  responses  to  heat  applied  directly  to  the  center  by 
diathermy  or  other  means.'^-'  Present  knowledge  indicates  that  the 

activity  of  the  eenter  is  affected  by  a  number  of  factors  including  afferent 
impulses  from  the  temperature  receptors  in  the  skin  and  the  direct  effect 
of  temperature  changes  in  the  center,  determined  largely  by  the  tempera¬ 
ture  of  its  arterial  blood  supply.  Impulses  originating  from  neuromuscular 
activity  may  also  contribute  to  the  action  of  the  center. 

Sweating  does  not  start  immediately  upon  exposure  to  hot  environments 
but  has  a  latent  period  of  five  to  forty  minutes.  The  latent  period  varies 
in  different  individuals"''  and  it  is  shortened  by  increasing  the  intensity  of 
the  environmental  heat  stimulus,"'^  by  acclimatization  of  the  subject  to 
heat,'^^  and  with  increased  body  temperature  at  the  beginning  of  the 
exposure.  Adolph'^'^  states  that  the  long  latent  period  of  sweating  could 
not  represent  a  simple  nervous  reaction  time.  The  skin  surface  becomes 
warm  at  once,  but  that  stimulus  alone  causes  only  a  twofold  increase  in 
evaporation  above  base  values  observed  in  a  cool  environment.  The  onset 
of  profuse  sweating  appears  to  be  delayed  while  the  body  accumulates  a 
eertain  amount  of  heat. 


Numerous  investigations  have  revealed  a  clear-cut  relation  between  the 
rate  of  sweating  and  the  skin  temperature.  Kuno""  exposed  subjects  to  an 
air  temperature  of  45°  C.,  with  one  area  immersed  in  water  at  5  to  10°  C. 
The  cooling  effect  of  the  water  prevented  a  rise  of  internal  body  tempera¬ 
ture,  and  yet  sweating  continued  all  over  the  body  surface  exposed  to  the 
warm  air.  He  found  that  men  immersed  in  a  warm  bath  or  exposed  to 
hot  air  generally  began  to  sweat  due  to  warming  of  the  skin,  even  when 
rectal  temperature  fell  or  remained  constant.  Kuno  has  found  that  if  a 
person  whose  rectal  temperature  is  elevated  to  39°  C.  due  to  exposure  to 
extreme  heat  changes  to  an  environment  which  cools  his  skin  he  may  cease 
sweating,  while  the  rectal  temperature  is  still  elevated.  Winslow  et  al  ^2 
have  found  that  sweating  is  initiated  in  the  average  nude  man  at  rest  in 

3  .5  C.  Above  this  threshold  temperature,  sweating  increases 
enormously  with  small  increments  in  skin  temperature,  evaporation  tend- 
ng  to  minimize  elevation  of  skin  temperature  with  increasing  environ 
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skill  temperatures  are  further  iiiereased  and  the  rate  of  sweating  increases 
quite  sensitively  with  inerenients  of  skin  temperature.  From  the  above 
data  it  apjiears  that  the  stimnlns  for  thermal  sweating  must  lie  largely  in 
the  temjieratiire  receptors  in  the  skin  and  that  a  direct  action  of  elevated 
temperature  on  the  center  has  little  effect. 

The  internal  body  temperature,  however,  does  i)lay  an  imjiortant  part 
ill  the  regulation  of  sweating.  Burton"*^  has  observed  that  resting  men  with 
subnormal  rectal  temperatures  (05.5  to  30°  C.)  due  to  prolonged  exposure 
to  cold  do  not  begin  sweating  upon  rapid  elevation  of  skin  temperature  in 
exiiosnre  to  heat  until  sufficient  heat  has  accumulated  in  the  body  to 
restore  the  internal  tennierature  to  normal.  Ladell"'  cites  exiieriments  of 
Carmichael  in  which  sweating  was  initiated  in  men  by  a  rise  from  98.8  to 
99.0°  F.  produced  liy  immersing  a  limb  in  water  at  113°  F.  Sweating  in 
this  case  appeared  to  be  due  to  an  effect  of  the  warmed  blood  on  the  center 
because  when  the  warmed  blood  was  jircvented  from  reaching  the  brain 
by  a  tourniquet,  sweating  did  not  occur  until  the  tourniquet  was  released. 
The  tourniquet  did  not  block  the  sensory  effects  originating  from  the 
warmed  limb.  Bazett-  has  suggested  that  increasing  the  temiieraturc  of 
the  center  may  play  its  most  important  role  l)y  exaggerating  the  reflex 
responses  to  warmth  on  the  skin  or  other  nervous  influences  acting  uj)on 
the  center. 

In  working  men  it  is  possible  to  vary  rectal  and  skin  temperatures  inde¬ 
pendently  of  each  other  and  thus  study  their  effects  sejiarately.  Kuno,'*^ 
Nielsen, Winslow  and  Gagge'^^  and  Bobinson’^^’  have  found  that  m  a 
constant  cool  environment  the  rates  of  sweating  and  rectal  temperature 
of  men  increased  with  the  intensity  of  work.  Winslow  and  Gagge  observed 
that  the  men’s  skin  temperature  did  not  increase  with  increments  m 
metabolic  rate  in  these  experiments  and  concluded  that  rectal  temperature 
must  be  the  dominant  factor  in  determining  the  men’s  rates  of  sweating 
in  work.  Burton^i  that  sweating  was  initiated  m  inen  working  at  a 

constant  rate,  without  a  change  of  skin  temperature,  and  concluded  t  la 
sweating  in  work  is  not  dependent  on  skin  temperature.  On  the  other  ham  , 
Nielsen^’-'  and  Winslow  and  Gagge""  found  that  m  men  working  at  a 
constant  rate,  skin  temperature  increased  with  increasing  cnvironmenta 
temperature  in  separate  experiments  and  that  recbal  temperatiii^  was 

practically  constant  at  operative  temperatures  ;y”^,;;/"2erl- 

The  latter  authors  observed  that  sweating  increased  vMth  skin  tcmpeia 
ture  in  th^se  experiments.  In  all  of  their  environments  he  rela  ive 
humidity  was  low  enough  to  assure  evaporation  and  skm  tempcratuic 

a/avege  ro.  U.  second 
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hour  of  one  experiment,  and  each  value  for  rectal  temperature  the  observa¬ 
tion  made  at  the  end  of  the  second  hour.  With  increasing  ET  the  men  s 
rates  of  sweating  showed  a  straight  line  relationship  with  skin  temperature 
up  to  maximal  values  of  1.3  kg./m.Vhr.  and  38.1°  C.  respectively.  From 
the  minimum  ET  up  to  30°  C.  their  rates  of  sweating  were  increased  up  to 
0.7  and  0.8  kg./m.^/hr.  and  their  skin  temperatures  to  35.5°  C.  respec¬ 
tively,  with  practically  no  change  in  rectal  temperature.  Since  exercise, 
metabolic  rate  and  rectal  temperature  remained  the  same  in  this  range  of 
conditions,  the  increments  in  sweating  seem  to  be  dependent  on  increasing 


s  in  temperature.  Further  increments  in  sweating  rates  u])  to  the  maximal 
J  ^  «es  were  accompanied  by  approximately  equal  rises  of  skin  and  rectal 
temperature,  \\hen  rectal  temperature  and  skin  temperature  are  plotted 
against  each  other  the  curve  representing  the  entire  range  of  conditions 

In  another  series  of  ninety  minute  experiments  the  men’s  metabolic 
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rates  were  varied  from  an  Oo  intake  of  4  cc./kg./inin.  in  rest  to  44 
cc./kg./min.  in  walking  on  a  treadmill  at  7.3  km. /hr.  np  a  9  per  cent 
grade.  These  experiments  were  run  at  two  ET’s  which  were  10.5  and  25.2° 
C.  The  relations  of  the  rates  of  sweating,  skin  and  rectal  temperature  and 
Oo  intake  of  a  ty])ical  subject  in  these  separate  experiments  are  shown  in 
Figure  35  and  reveal  that:  ( 1)  Skin  temperature  at  each  ET  was  the  same 
in  all  grades  of  work.  (2)  At  each  skin  temj)eratnre  the  rectal  tem|)erature 
and  the  rate  of  sweating  increased  linearly  as  the  work  and  metabolic 
rate  were  increased.  (3)  The  difference  of  5  degrees  in  the  men’s  skin  tem- 
Iieratnres  in  the  two  environments  ])roduced  a  uniform  difference  in 
sweating  at  all  rates  of  work.  (4)  In  these  experiments  at  a  given  environ- 


in.son  et  al.) 


mental  temperature  there  were  no  increases  of  skin  temperature  to  mcrea.se 
e  ta  1,  c/exes  an.l  eauac  the  rise  in  sweating.  Tl.e  r.se  nr  sweating 
a  iirentiv  was  a  direct  etVeet  nf  internal  temperature  on  the  heat  regu- 
iko'ry  centers  and  was  possil.ly  due  also  to  stnnniation  of  the  centers 
rfreiiltiop-  from  the  increasing  neuromuscular  activity. 

T  king  to  a  connt  the  results  of  hoth  of  these  series  of  experiments 
it  appeiirs  liiat  l.oth  skin  and  interna,  I^M-eratares  par 

thP  regulation  of  the  rate  of  sweating  by  working  men.  1  he  data  tend  to 
fit  in  with  Hazett’s  hvpothesis  that  the  principal  effect  of  temperature  on 
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environmental  heat  stress  becomes  more  severe  (Fig.  34)  ,  and  in  a  con¬ 
stant  environment  sweating  increases  with  the  metabolic  rate  in  work 
(Fig.  35) .  The  data  also  show  that  the  rates  of  sweating  increase  with 
the^subjects’  skin  and  rectal  temperatures.  Other  factors  which  affect  the 
rate  of  sweating  are  indiN’idnal  variation,  acclimatization,  fatigue  and 
excessive  salt  intake. 

Numerous  laboratory  workers  have  reported  rates  of  sweating  in  excess 
of  2  liters/hr.  by  men  exposed  to  extreme  conditions  of  heat  and 
work.'^"’  Eichna  et  al.^^  and  LadelF^  have  reported  sweat 

rates  in  excess  of  3  liters/hr.  over  short  periods  of  time.  The  latter  observed 
that  nude  resting  men  exposed  to  38°  C.  dry  bulb  temperature  with 
34.8°  C.  wet  bulb  sweated  8  liters  during  a  four  hour  period.  Both  authors 
report  that  for  short  periods  sweat  may  pour  out  at  the  rate  of  4  liters/hr. 
These  high  rates  of  sweating  can  be  achieved  only  by  men  who  are  well 
acclimatized  by  exposures  to  extreme  heat. 

In  actual  industrial  or  climatic  situations  men  have  not  been  found  to 
sweat  at  such  extreme  rates.  Moss®®  reported  that  a  coal  miner  may  sweat 
8.5  liters  during  a  five  hour  shift.  A  number  of  observers^-  report 
maximal  total  daily  sweat  losses  of  10  to  12  liters  by  working  men  in  the 
desert.  Soldiers  on  the  California  desert  carrying  on  moderate  activity 
such  as  truck  driving,  mechanical  servicing  and  guard  duty  sweated  an 
average  of  G  liters/24  hours.  Ladell,  Waterlow  and  Hudson'^^  found  that 
moderately  active  men  sweated  0.5  liters/hr.  in  the  shade  on  the  Arabian 
desert. 


The  sweating  mechanism  is  fatigable.  Men’s  ability  to  sweat  at  high 
rates  declines  significantly  during  long  exposures  to  heat  stresses  near  the 
limits  of  tolerance.  Gerking  and  RobinsoiF^  reported  that  the  average 
rate  of  sweating  declined  by  10  to  80  per  cent  in  six  hour  exposures  of 
working  men  from  an  average  initial  rate  of  1.4  kg./hr.  The  amount  of 
decline  was  found  by  Robinson  and  Gerking^-  to  be  greater  in  humid  than 
in  dry  heat  (Fig.  3G) .  It  was  not  dependent  upon  falling  skin  or  rectal 
temperatures,  nor  upon  dehydration,  salt  deficiency,  or  lack  of  acclimati¬ 
zation  It  increased  with  the  initial  rate  of  sweating,  and  with  the  mean 
level  01  skin  temperature  maintained  during  the  exposure.  Local  cooling 
of  one  hand  to  30  C  prevented  its  rate  of  sweating  from  declining  as 
rapidly  as  the  general  body  surface  or  the  other  hand  whose  mean  surface 
temperatures  were  respectively  33.8  and  30.9°  C.  The  declines  of  sweating 

wlb/loTs"”' ’’T‘  T*""®  t«'mperatur! 

as  below  3a  C.  and  the  rate  of  sweating  only  0.4  kg./m  2/hr  In  hot 
dry  atmospheres  (50°  C.,  with  18  per  cent  relative  hiinddity)  if  ihe  men 
weie  working  with  a  metabolic  rate  of  190  Cal./m.2/hr  the  decline  of 
sweating  proved  to  be  the  limiting  factor  in  their  toleraiice  for  the  ^ 

regulation  (Fig  3G)  This  failurp  nf  c  t-  lequired  for  heat 

s.oke.  The  siibfecis 


physiology  of  heat  regulation 

the  worst  of  the  six  hour  fatigue  experiineuts.  The  fatigue  of  the  sweating 
uiechaiiisui  under  these  conditions  may  he  considered  as  a  useful  adapta¬ 
tion  in  case  of  water  shortage  in  a  hot  environment  because  it  would  assure 
an  economical  dispensation  of  water  reserves  and  delay  the  development 
of  dehydration.  A  number  of  authors*’*^’-^^-  describe  a  chronic  type  of 


Fig.  36.  A,  The  eifects  of  dry  heat  (dry  l)ulb  50°  C.  with  a  wet  bull> 

I,.  (;  wearing  short*  “  tTvc«rinra''l'-oi'lh”l'-»l>i™'™''i'“™  ^he  valnes 

cent  grade  in  al  expernneiits.  />,  le  y  responses 

.8  3”  <:.)  an,l  of  unn.  heaU.  ry  ^  d  a«^  tor  .he  three  snhiee^ing 

walhin  h!„./hr.  n„a..d  per  cent  grade,  (l.a.ao.  Uoh.n^. 

and  Gerking.®0 


iMaxunai  sweating  _  y  moderately 

LadelF^  cites  an  experiment  m  whicli  a  niuie 
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active  at  100°  F.  dry  bulb  temperature  with  the  wet  bulb  at  94°  F .  sweated 
1.50  kg.  in  the  first  thirty  minutes  while  his  rectal  temperature  rose 
from  100.5  to  102.5°  F.,  and  1.28  kg.  during  the  next  thirty  minutes  when 
his  rectal  temperature  rose  to  108.2°  F.  Robinson  and  colleagues  have 
uiiiniblished  data  showing  that  men  exposed  to  heat  ajid  \york  stresses 
severe  enough  to  raise  their  rectal  temperatures  to  40.5°  C.  in  two  hours 
sweated  less  than  when  the  stress  was  less  severe  and  raised  the  rectal 
temperature  to  only  89.5°  C. 

Moderate  water  deficiency  does  not  significantly  alter  the  sweat 
rate'’'*’’  and  neither  does  drinking  water  in  excess  of  the  sweat  loss.'^" 

Salt  intake  in  excess  of  the  rate  lost  in  sweat  may  decrease  the  volume  of 
sweat  secreted  by  a  man  under  otherwise  constant  conditions,  according 
to  Lee  et  and  Ladell.^^ 

The  sweat  rate  from  different  skin  areas  of  the  body  varies,  the  differ¬ 
ence  being  ascribed  to  variation  in  distribution  of  the  sweat  glands  and 
possibly  also  to  varying  size  and  capacity  of  the  sweat  glands.'®’  The 

distribution  of  sweating  may  possibly  affect  the  efficiency  of  evaporative 
heat  loss  by  men  working  in  hot  dry  climates.  Robinson  compared  two 
men  of  approximately  equal  size  wearing  only  trunks  and  walking  on  the 
treadmill  in  dry  heat  (dry  bulb  temperature,  50°  and  wet  bulb  tempera¬ 
ture,  24.8°  C.) .  One  who  secreted  29  per  cent  of  his  sweat  from  the  legs 
consistently  required  for  thermal  equilibrium  10  per  cent  less  evaporation 
in  relation  to  his  metabolic  rate  than  the  other  who  secreted  only  23  per 
cent  of  his  sweat  from  the  legs.  Neither  man  dripped  sweat  although  the 
second  sweated  more  profusely  about  face  and  body  and  kept  these  sur¬ 
faces  and  his  trunk  fully  wet  with  sweat. 

The  maximal  ability  of  men  to  sweat  increases  with  acclimatization 
brought  about  by  repeated  exposures  to  severe  heat  stress.®®’ 

There  are  wide  variations  in  the  amount  and  rate  of  the  increase  which 
are  dependent  upon  individual  variations  and  the  severity  of  the  daily  ex- 
posuies  to  heat.  Horvath  and  Shelly®^  observ’ed  an  increase  in  the  average 
rate  of  sweating  of  sixteen  men  from  1.5  kg./hr.  to  2.0  kg./hr.  in  fifteen 
daily  one  hour  work  periods  in  an  air  temperature  of  120°  F.  with  a  wet 
bulb  temperature  of  98°  F.  Further  increase  in  the  capacity  to  sweat  can 
be  gained  by  continuing  the  period  of  acclimatization  for  several  weeks 
and  by  this  means  men  have  been  acclimatized  to  sweat  in  excess  of  3 
hters/hr  by  Eichna  et  and  by  Ladell.^-  Ladell’s  group  have  found 
that  with  successive  exposures  of  men  to  heat  the  sweat  rate  at  a  given 
rectal  temperature  is  increased  and  that  sweating  is  initiated  at  lower 
body  temperatures  1  he  latent  period  in  the  initiation  of  sweating  is 
shortened  with  acclimatization  to  heat,  being  significantly  shorter  in 
summer  than  m  winter.'^®  "  ” 

In  apparent  contrast  to  the  above  reports  that  the  capacity  for  sweatim? 
increases  with  acclimatization,  there  are  numerous  reports  that  sweaL 

work  improves  with  training  and  with  redi.ccdtdr^cmpc^tre:  "US" 
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ing  from  acclimatization. Kvidence  cited  above  indicates  that  the  men 
would  be  able  to  sweat  more  after  acclimatization  if  the  work  or  heat 


stress  were  increased. 

Ihe  size  and  number  of  active  sweat  glands  increases  during  childhood. 
Kuno  suggests  that  this  development  may  be  greater  in  residents  of 
tropical  climates  than  in  cold  climates.  The  fact  that  he  finds  significantly 
more  sweat  glands  in  Filipinos  than  in  Itnssians  may  then  be  due  to 
acclimatization  rather  than  to  heredity. 

Kidney  Function.  The  major  adjustments  of  kidney  function  in  man’s 
adaptation  to  hot  environments  are  in  salt  and  water  excretion.  During 
periods  in  which  men  are  losing  amounts  of  chloride  in  the  sweat  equal  to 
or  in  excess  of  the  chloride  intake,  the  urine  may  be  completely  free  of 
chloride.^'  As  acclimatization  progresses  and  the  sweat  becomes 

more  dilute  in  chloride  the  output  in  the  urine  increases  until  urine  plus 
sweat  losses  approximate  the  total  chloride  intake.'^-  The  urea  excretion 
in  the  urine  may  also  be  reduced  by  the  amount  lost  in  the  sweat. 

In  the  regulation  of  the  liody’s  water  content  its  loss  through  the  kid¬ 
neys  can  be  varied  over  a  wide  range,  depending  upon  the  water  available 
in  excess  of  that  lost  through  other  channels.  In  a  temperate  climate  and 
on  an  ordinary  diet  a  man’s  kidneys  usually  excrete  from  1  to  1.5  liters 
of  water  each  day.  Associated  with  the  increased  water  output  with  svyeat 
in  hot  climates  the  volume  of  urine  may  decrease.'^-  This  is 


particularly  true  in  the  first  few  days  of  exposure  to  heat  and  during  work 
periods  when  voluntary  dehydration  may  occur  as  described  below.  A 
condition  of  dehydration,  whether  due  to  excessive  water  loss  or  decreased 
intake,  will  cause  a  marked  reduction  of  urine  volume.  Talbott  et  al.^^ 
report  a  daily  urine  volume  of  0.5  liters  maintained  regularly  during  about 
six  weeks  on  the  desert  at  Boulder  City.  Dill'*  states  that  twenty-four 
hour  urine  volumes  of  0.4  liters  are  common  in  men  working  on  the  desert. 
However,  urine  output  is  not  generally  this  low  for  moderately  active 
men  on  the  desert  or  in  the  tropics  after  they  are  well  acclimatized.  Adolph 
and  DilF*^*^  found  a  daily  average  of  825  cc./day  in  seven  subjects  on  the 
desert,  which  was  25  per  cent  lower  than  the  average  value  observed  on 
the  same  subjects  in  winter.  Molnar  et  found  acdnnatiscd  soldiers 
performing  moderate  activity  on  the  desert  to  average  935  cc.  and  m  the 

AssLiated  wdli  tlie  reduced  volume  of  urine  in  hot  environments  is  an 
increase  in  its  specific  gravity  associated  with  an  increased 
of  total  dissolved  substances.  With  the  exception  of  sodium  chlo  idt  an 
urea  which  are  lost  in  the  sweat  in  significant  amounts,  the  total  dady 
amoiiilts  of  substances  excreted  in  the  urine  arc  usually  within  norma 

wlaleVlnl'le^'-niVintake  of  water  is  ordinarily  regulated  by  thirst 

I  ■  1  fnr  tbit  cTUscd  by  emotional  states,  is  an  indication  that  the 

tan.  receptors  iiuhe  ;^^^^^^^ 

d^r/dTatT  claude  Betm-ds  theory-*  that  thirst  is  of  diffuse  origin 
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associated  with  general  dehydration  was  based  on  his  own  experiments  on 
a  horse  and  a  dog  with  esophageal  and  gastric  fistulas  respectively  through 
which  water  flowed  to  the  outside  as  fast  as  it  was  drunk.  When  thirsty 
these  animals  drank  until  fatigued,  rested,  then  resumed  drinking  again 
and  again  in  spite  of  the  fact  that  the  mouth  and  pharynx  were  kept  wet. 
Their  thirst  was  unquenchable  by  this  type  of  drinking  and  Bernard 
concluded  that  thirst  is  not  a  local  sensation  but  is  dependent  upon  a 
general  state  of  water  need.  Adolph^^*^  has  recently  confirmed  Bernard  s 
finding  that  a  dog  with  an  esophageal  fistula  will  drink  far  in  excess  of  his 
needs,  in  some  cases  as  much  as  70  liters/day,  the  size  of  the  drinks  being 
a  function  of  the  degree  of  dehydration.  Normal  thirsty  dogs,  dehydrated 
by  2  to  4  per  cent  of  the  body  weight,  will  drink  within  five  minutes 
slightly  more  than  the  amount  of  the  water  deficit.  Dill®  made  a  critical 
review  of  the  literature  concerning  the  mechanism  of  thirst  and  arrived  at 
the  following  conclusions  based  on  his  own  data  and  those  of  other  in¬ 
vestigators: 


Thirst  does  not  necessarily  depend  on  dry  mouth.  Thirst  without  dry  mouth  is  experienced 
by  man  at  the  evening  meal  after  hard  work  on  a  hot  day.  Men  and  dogs  without  salivary 
glands  do  not  exhibit  unusual  thirst. 

Thirst  does  not  have  a  simple  dependence  on  osmotic  pressure  of  body  fluids.  A  small 
increase  in  osmotic  pressure  produced  by  ingestion  of  sodium  chloride  produces  intense 
thirst,  while  if  the  same  increase  in  osmotic  pressure  is  induced  by  urea,  to  which  the  cells 
are  permeable,  the  thirst  is  only  moderate. 

Thirst  does  not  depend  on  volume  of  blood  plasma  nor  of  the  extracellular  phase  of  other 
tissues.  Intraperitoneal  injection  of  glucose  solution  reduces  the  volume  of  the  extracellular 
phase  without  causing  thirst. 

Thirst  depends  on  diminished  water  content  and  possibly  increased  osmotic  pressure  of 
body  cells.  While  thirst  may  be  somewhat  alleviated  by  rinsing  the  mouth,  it  can  be  satisfied 
only  when  water  has  been  delivered  by  the  blood  stream  to  the  tissue  cells  that  are  de¬ 
manding  it. 

riie  mechanism  by  which  the  demand  for  water  makes  itself  known  remains  to  be  elu¬ 
cidated.* 


A  resting  man  who  is  acclimatized  to  a  hot  climate  will  maintain  water 
balance  accurately  by  drinking  enough  water  to  keep  his  thirst  satisfied, 
and  because  of  this  the  water  content  of  the  body  is  remarkablv  constant 
when  measured  each  morning  before  the  day’s  work  begins.^o^  Dill,®  how¬ 
ever  points  out  that  thirst  does  not  always  cause  a  man  to  keep  his  water 
intake  up  to  its  rate  of  output.  This  is  particularly  true  in  unacclimatized 
men  who  may,  in  working  in  a  hot  environment,  secrete  large  volumes  of 
sweat  containing  nearly  as  high  a  concentration  of  salt  as  the  body  fluid 
from  which  It  1.S  produced.  In  this  case  sweat  formation  involves  littk 
modification  of  the  osmotic  pressure  of  the  extracellular  phase  and  there- 

caiise  a  degree  of  thirst  proportional  to  the  water  deficit.  In  an  experiment 
Boston  m  winter  a  subject  was  dehydrated  2.8  kg.  bv  workiim  in  the 

of  wXr'  ’’y  drix'king  only  0.4  kg. 

"  l>n”rB“rr-,r  ™l"‘ntarv  drinking 

.  Mas,.,  Harvard  University  Press,  193s 
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than  the  utiacclimatized  man.  In  this  case  thirst  is  more  intense  because 
the  loss  of  water  raises  the  osmotic  jiressure  of  the  extracellular  jihase  and 
causes  an  abstraction  of  fluid  from  the  cells.  Pitts  et  alS''*  found  that  even 
acclimatized  men  working  in  the  heat  never  voluntarily  drink  as  much 
water  as  they  sweat,  even  though  this  is  advantageous  for  heat  regulation, 
but  usually  drink  at  a  rate  of  about  two-thirds  the  water  lost  in  sweat. 
Rothstein  and  Adolpld^®  found  that  the  amount  of  voluntary  dehydration 
in  acclimatized  men  is  higher,  the  higher  the  rate  of  sweating;  under  con¬ 
ditions  causing  men  to  sweat  less  than  400  gm./hr.,  f)5  ])er  cent  of  the 
water  lost  was  restored  by  drinking  during  a  morning  or  afternoon  of 
work,  whereas  men  walking  on  the  desert  and  sweating  1000  gm./hr.  re¬ 
placed  only  50  jier  cent  of  their  loss.  Voluntary  dehydration  of  men  meas¬ 
ured  during  the  day  under  field  conditions  on  the  desert  often  reached 
2  to  4  per  cent  of  body  weight  even  though  an  abundant  water  supjdy  was 
available.  The  water  deficit  is  made  up  during  rest  jieriods  following  the 
day’s  work,  particularly  at  meal  times  when  thirst  of  a  dehydrated  man 
becomes  acute.  Replacing  the  salt  loss  in  sweat  hour  by  hour  tended  to 
reduce  voluntary  dehydration  of  working  men.  The  authors  found  that  in 
voluntary  dehydration  of  men  in  the  heat  the  blood  serum  becomes  con¬ 
centrated  as  in  compulsory  dehydration.  They  found  that  most  men  can 
force  themselves  to  drink  water  equal  to  the  sweat  loss  without  the 


ajipearance  of  diuresis  or  a  lowering  of  the  refractive  index  of  the  jilasma. 

It  was  concluded  that  the  best  criteria  of  water  balance  in  active  men 
are  body  weight  and  ]ilasma  concentration  and  that  voluntary  deh\dia- 
tion  is  the  result  of  an  inhibition  of  thirst  sensations.  In  final  anal.\sis  the 
efficiency  of  thirst  as  an  indicator  of  dehydration  of  a  man  is  increased 
after  acclimatization  to  heat,  during  leisure  periods  and  at  meal  times, 
and  by  ingesting  salt  as  fast  as  it  is  lost  in  the  sweat;  it  is  decreased  by 

activitv  and  bv  high  rates  of  sweating. 

\s  stated  al'iovc,  dehydration  reduces  the  plasma  volumes  of  men  and 
thus  the  efficiency  of  the  circulation  in  heat  regulation.  Associated  with 
this  Pitts  et  a/.“^  have  found  that  voluntary  dehydration  of  men  working 
in  the  heat  significantly  increased  their  pulse  rates  and  rectal  tempera¬ 
tures  above  corresiionding  values  observed  on  them  when  they  main¬ 
tained  their  body  weights  by  forced  drinking. 


SALT  LOSS  IX  SWEAT 

S«eat  is  more  Hia.i  l)il  per  cent  water  ami  contai.is  all 

of  plasma  in  lower  concentrations  tlian  111  plnsata  excep  o  *  •  • 

is  Iisiiallv  incrcascil  l.v  four  to  ten  times  liy  the  sweat  glamls,  ami  iiri. 
which  also  mav  lie  more  coiicentrateil  in  the  sweat.  'I  he  most  ""I"’'';'" 
c,  s  ttnts  of  sweat  in  the  eeoiioni.v  of  the  organism  are  "'nU'  '  ' 

:oXnn  ehloriile.  Since  water  in  sweat  ami  its 

Iliselission  here  largel.v  to  so, limn  ehlornle 

of  sweating  in  unacclimalized  men  mav  icsu  ni.  112  ^alt 


219 


PHYSIOLOGICAL  ADJUSTMENTS  TO  HEAT 


men  working  in  hot  environments  contribute  to  clistiirbances  of  caidio- 
vascular  function  and  may  lead  to  heat  exhaustion.^*’  In  suscejitible  in¬ 
dividuals  heat  cramps  may  develo})  when  large  volumes  of  sweat  are 
produced  and  the  water  loss  is  restored  by  drinking  without  replacing 
the  salt  loss. 

There  are  great  variations  in  the  concentration  of  chloride  in  sweat; 
reports  in  the  literature  give  values  ranging  from  5  to  140  niEq./l.  There 
is  general  agreement  of  investigators  that  it  varies  markedly  between 
individuals,'"-  it  varies  in  different  regions  of  the 

body,""'  and  it  varies  inversely  as  the  water  intake  of  the  sub- 

ject.''^’  Other  faetors  whieh  have  been  found  to  affect  the  chloride 
concentration  in  sweat  but  upon  which  there  is  mueh  disagreement  among 
the  different  investigators  are:  acclimatization  to  heat,  the  rate  of  sweat¬ 
ing,  rectal  temperature,  skin  temperature,  duration  of  exposure,  salt  in¬ 
take  and  ehloride  concentration  in  plasma. 

A  decrease  of  sweat  chloride  concentration  during  acclimatization  to 
heat  may  contribute  greatly  to  the  economy  of  the  organism  because  it 
allows  for  the  seeretion  of  large  volumes  of  sweat  with  minimal  salt  loss. 
A  number  of  observers^-  have  found  that  such 


a  decrease  occurs,  the  amount  of  the  decrease  varying  in  different  indi¬ 
viduals  and  with  the  conditions  under  which  the  observations  were  made. 

The  range  of  adaptation  possible  in  aeclimatization  of  the  salt-con- 
serving  mechanism  is  most  clearly  outlined  by  the  recent  experiments 
of  Conn  et  They  have  shown  that  men  living  continuously  in  a  hot, 
humid  environment  and  performing  a  standard  amount  of  work  each  day 
(sufficient  stress  to  produce  5  to  10  liters  of  sweat  per  twenty-four  hrs.) 
show  a  reduction  of  chloride  concentration  in  sweat  and  urine  so  that 
within  a  few  days  the  total  outjnit  balances  the  intake.  With  work,  sweat 
volume  and  chloride  coneentration  constant,  a  drop  in  salt  intake  pro- 
duees  a  marked  fall  in  urinary  chloride,  followed  in  one  or  two  days  by 
a  fall  in  sweat  chloride  eoneentration,  and  then  a  gradual  rise  in  urinary 
chloride  until  urine  plus  sweat  losses  approximate  the  lowered  salt  intake. 
Ihe  lowest  concentrations  of  salt  in  sweat  attained  were  5  to  8  niEq./l. 
maintained  for  periods  up  to  twenty-eight  days  with  the  men  sweating 
5  to  8  hters/day.  Two  subjeets  worked  in  the  environment  for  ten  to 
nineteen  days  without  ill  effeet  on  a  salt  intake  of  1.9  gm./day  with  a 
sweat  chloride  of  5  niEq./l.,  water  exchanges  of  5  to  8  liters/day  and  no 
sigmhcant  changes  m  the  plasma  chloride.  As  salt  intake  was  reduced 
the  concentrations  of  salt  in  the  sweat  of  different  individuals  on  the  same 

f  otlier;  i.e.,  individual  variations  were  dimin¬ 
ished  From  these  data  it  appears  that  the  degree  of  adaptation  of  the 
sweat  glands  in  secreting  dilute  sweat  is  affected  both  hv  the  InVli  dailv 
sweat  rates  and  the  reduction  of  salt  intake  '  ‘ 

The  mechanism  by  which  the  chloride  concentration  of  sweat  is  de- 
c  eased  111  acclimatization  to  heat  is  not  well  iiinlerstood.  Johnson  et  al^ 
give  evidence  that  it  may  he  in  part  secondarv  to  the  fact  thni  thr,.!  ’ 


220 


PHYSIOLOGY  or  HEAT  REGULATION 


of  work  by  men  in  severe  heat  the  eliloride  concentration  of  sweat  col¬ 
lected  hourly  from  one  hand  with  a  surface  teniperatnre  of  37°  C.  was 
5  to  10  niLq./l.  higher  than  simnltaneonsly  collected  sweat  from  the  same 
subject  s  other  gloved  hand  maintained  at  an  average  temperature  of 
30°  C.  by  immersion  in  cold  water.  The  volume  of  sweat  secreted  by  the 
cool  hand  was  trom  50  to  00  per  cent  greater  than  from  the  warm  hand. 
Thus  the  local  temperature  of  the  sweat  glands  ajipears  to  be  a  more 
dominant  factor  in  affecting  the  chloride  concentration  of  the  sweat  than 
the  rate  of  sweating.  McCance'-^  suggests  that  the  stimulus  for  salt  con¬ 
servation  by  the  sweat  glands  in  acclimatization  may  be  a  minor  salt 
dcffciency  with  lowered  plasma  chloride,  whereas  evidence  of  INIichelsen 
and  Keys,^^”  Johnson  et  al}^^  and  Coim^-^  shows  that  the  change  in 
acclimatization  is  independent  of  plasma  chloride. 

There  is  good  evidence  that  acclimatization  may  be  due  to  stimulation 
of  adrenal  cortex  function.  Moreira  et  al}~-  and  Ladell^-^  found  suggestive 
evidence  that  administration  of  desoxy corticosterone  acetate  (I)CA.)  to 
men  reduces  salt  concentration  in  the  sweat  of  men  exposed  to  hot  environ¬ 
ments.  The  most  coni[)lete  data  bearing  on  this  (picstion  are  those  of 
Conn  et  al}-^  These  workers  found  that  during  the  process  of  acclimatiza¬ 


tion  to  heat,  with  daily  sweat  secretion  of  5  to  10  liters,  men  were  in 
negative  nitrogen  balance  and  upon  completion  of  acclimatization  they 
regained  nitrogen  equilibrium.  Administration  of  DCA.  to  men,  whether 
thev  were  unacclimatized  to  heat,  undergoing  acclimatization,  or  weie 
already  fully  acclimatized,  greatly  reduced  salt  concentration  in  sweat  and 
urine,  the  effect  being  most  persistent  in  sweat.  Nitrogen  equilibrium  was 
quickly  restored  by  DCA.  when  it  was  administered  during  acclimatiza¬ 
tion.  Upon  cessation  of  DCA.,  sweat  chloride  always  rose  maikedlj, 
acclimatization  being  temporarily  lost.  It  appears  that  several  days  m-e 
required  for  the  adrenals  to  reach  a  high  degree  of  functional  activity 
again  after  having  been  put  at  relative  functional  rest  by  a  few  days  aid 
from  an  exogenous  source.  From  these  data  it  is  concluded  that  adrena 
cortex  function  plays  an  important  part  in  the  process  of  acclimatization 

The  concentration  of  salt  in  tlie  sweat  tends  to  .ncrease  w,t I.  mcreasn  g 
rates  of  sweating,  according  to  observations  of  some  workers.  ■  while 
another  has  found  a  reverse  relationship.'’*  As  pointed  out  ahovc,  howeve  , 
uTs  rdationship  may  be  in  part  secondary  to  I'-, 
temperature  upon  sweat  gland  funetion  since  the  ^ 

linearly  related  to  the  skin  temperature  over  a  fairly  wide  i.inge  ol  swea 

'’’‘chiori.le  concentration  in  sweat  may  rise  with  time  dining  a  single 
exposure  of  a  man  to  heat,”’  ”*■ 

the  sweat  glands.  The  course  of  the  change  with  time  may.  howcver,  v.ai.v 
with  the  degree  of  acclimatization  and  the  rate  of  sweating.  ii  le  " 
r^i'T  unpublished  data  of  ebl  tld? 

::  :1:: 

IIS'  wbl^ellri^blSSStl'iring  the  last  five  hours,  and  apparently  also 
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were  not  caused  by  fatigue  since  the  lowest  values  observed  were  in  the 
fifth  and  sixth  hours  of  the  exposures. 

METABOLISM 

In  the  regulation  of  internal  body  temperature  we  must  look  upon  the 
body  as  a  system  within  which  there  is  an  irreducible  minimum  of  heat 
production;  i.e.,  the  basal  metabolic  rate.  The  heat  balance  may  be  affected 
by  immediate  increases  of  heat  production  above  the  basal  rate  as  in 
shivering  or  muscular  work,  but  the  basal  rate  does  not  decline  even  in  the 
most  extreme  situations  of  environmental  heat  stress  where  the  strain 
on  the  heat  regulatory  system  would  be  lessened  by  a  decrease  of 
metabolism. 

The  basal  metabolic  heat  production  of  a  young  man  is  about  40 
Cal./m.2/hr.  Under  ordinary  resting  conditions  metabolism  is  45  to  50 
Cal./m.2/hr.  or  one  met,  according  to  the  terminology  of  Gagge,  Burton 
and  Bazett.^^*"  DuBois^^'^  has  shown  that  the  metabolism  of  a  resting 
man  is  increased  according  to  Vant  Hoff’s  Law  by  about  13  per  cent  for 
each  degree  centigrade  elevation  of  body  temperature  in  fever.  Knip- 
pingi28  found  that  the  basal  metabolism  of  healthy  individuals  increased 
during  the  first  week  of  exposure  to  a  hot  climate,  that  it  then  fell  gradu¬ 
ally  and  after  several  months’  residence  in  the  hot  climate  was  below  the 
ord’iiary  basal  standards.  Burton^®  also  found  that  men  unacclimatized  to 
the  heat  underwent  a  moderate  rise  in  metabolism  during  the  first  few 
days  in  a  hot  environment.  They  attributed  the  rise  in  metabolism  to 
elevated  body  temperature  and  found  that  after  five  days’  acclimatization 
both  the  men’s  rectal  temperatures  and  metabolism  had  returned  to  con¬ 
trol  levels.  In  the  above  instances  the  rise  in  body  temperature  was  grad¬ 
ual  and  during  the  metabolism  determinations  the  subjects  were  in 
thermal  equilibrium  at  the  elevated  body  temperature.  During  rapid 
elevation  of  teniperature  by  acute  exposure  to  extreme  heat  stress  the 
resting  metabolism  of  a  man  may  increase  by  25  to  35  per  cent  ovei-  the 
control  values.i^^o.  i3o.  131.  This  difference  from  DuBois’  results  is  consid¬ 
ered  by  Bazett-  to  be  due  to  a  much  greater  stimulation  of  respiratorv 
movements  occurring  in  rapid  elevations  of  body  temperature  than  in  the 
equilibrium  conditions  of  DuBois’  and  Burton’s  experiments.  It  seems 
probable  also  that  greater  discomfort  and  restlessness  in  the  acute  experi¬ 
ments  may  have  contributed  to  the  elevated  metabolism.  Whatever  the 
neehamsm  of  the  increased  metabolism  occurring  in  hot  environments 

ficiercv^onrSual 

‘I'e  tropics.  Numerous  in's  U 
hot  Cimates,  the  aumu Jr!" f 

Dutch  East  Indies  who  underwent  nn  Europeans  in  the 

.est.,  that  the  reduced  mSoJ-'r  rom:dr:jrsire,r:rut''r 

not  .nvoive  a  reduction  in  the  true  hasa,  metaboIifJcUvH:  be 
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(hie  to  more  comjilete  relaxation  of  skeletal  muscle  cliiriiif?  the  tests,  citing 
as  evidence  the  works  of  Ilimlmarsld^^  and  I’ickwortld^®  that  training  of 
subjects  in  mnscnlar  relaxation  resulted  in  a  decrease  of  20  jier  cent  in 
basal  metabolism  below  the  standards.  There  is,  however,  some  indirect 
evidence  that  it  may  involve  slow  adjustments  in  the  activity  of  the 
thyroid  and  its  regulatory  effect  on  basal  metabolism.  IVIost  workers 
agree  that  there  is  an  increase  in  thyroid  growth  and  activity  when  animals 
are  exposed  to  cold.  The  thyroids  of  jiigeons  are  smaller  in  summer  than 
in  winter  according  to  Riddle  ct  ITotila^'*"  has  found  similar  dif¬ 

ferences  in  rats  exjiosed  to  cold  under  laboratory  conditions  and  has  .shown 
that  thyroid  hypertrophy  in  rats  exposed  to  cold  is  de])endent  upon  in¬ 
creased  secretion  of  the  thyrotropic  hormone  by  the  pituitary  gland. 
There  is  good  evidence  that  the  calorigcnic  secretion  of  the  adrenal  medulla 
is  increased  in  exposure  to  cold,  but  its  response  in  changing  from  tem- 
])erate  to  hot  environments  is  not  understood,  and  neither  is  its  importance 
in  temperature  regulation  in  cool  environments. 

Tn  work  the  total  metabolism  of  a  man  increases  in  i)roportion  to  the 


intensity  of  work  up  to  the  maximal  rate  which  he  can  reach  in  a  steady 
state.  Three  fourths  or  more  of  the  increased  metabolism  of  work  takes 
the  form  of  heat  which  must  be  dissipated  through  the  skin  and  lungs 
in  order  to  maintain  a  constant  body  temperature.  The  highest  work 
metabolism  which  a  trained  man  can  maintain  continuously  for  as  long 
as  a  day  is  about  SOO  Cal. /m. 2/hr.  and  this  would  require  the  dissipation 
of  aboii’t  240  Cal. /m. 2/hr.  This  maximal  rate  of  energy  expenditure  is  far 
above  the  rate  involved  in  hard  labor  such  as  ordinary  marching,  in  which 
the  average  energv  outjnit  is  about  1(50  Cal./m.“/hr. 

It  is  apparent  from  the  above  statements  that  if  a  working  man  is  to 
continue  in  thermal  equilibrium  he  must  be  able  to  dissipate  his  metabo he 
heat  into  the  environment  at  the  rate  of  its  production  and  that  the 
limiting  environmental  heat  stress  or  resistance  of  the  environment  to 
heat  dissipation  must  be  lower  the  harder  the  work.  That  this  is  tiiie  is 
illustrateil  by  Kigurc  37  giving  data  from  expenmen  s 
Uoliinson  ct  al?*  These  experiments  were  earned  out  to  ‘ 

most  severe  conditions  of  air  temperature  and  luimidity  in  nh  ch 
Zd  maintain  thermal  equilibrium  from  the  second  > 

hours  of  exposures.  On  the  basis  of  this  criterion,  increasing  the  «olk  and 
the  metabolic  rate  from  12.5  to  lltn  Cid./ni.Vbr.  reihieed  the  miik^ 
tolerance  to  environmental  heat  stress  b.v  3..>  C 

b:r‘r/::ai  :;iim 

,  ,•  1  c>^\  Ai  m  a  r  teinncraliire  ot  an 

to  metabolic  rate  (I  ig-  ^  )•  ^  ‘  .  .  ovuiorativc  requirement 

1  '.^;::d  :::'rcon:im,'t'heiit  stress  mso  snow 

rf  •  -a.  tU^-e  ..f  sw^..  and  he. 

exchange  by  convection  which  aie  relatdi  (Uicc  . 
and  metabolism. 


QQ0 

PHYSIOLOGICAL  ADJUSTMENTS  TO  HEAT 

We  have  found  in  uiiacclimatized  men  performing  work  at  a  constant 
rate  in  a  hot  environment  (dry  Imlb  temperature  40°  C.,  relative  humidity 
;23  per  cent)  that  metabolism  is  increased  by  about  11  per  cent  foi  each 
degree  centigrade  elevation  of  rectal  temperature  above  control  values 
in  performing  the  same  work  in  a  cool  environment,  dhese  data  weie 
reported  by  Robinson  et  for  men  walking  on  the  treadmill  at  5.6 

kni./hr.  up  a  5.7  per  cent  grade,  and  their  results  confirm  the  observation 
by  DuBois^-"  on  resting  men  that  the  elevation  of  metabolism  accom¬ 
panying  increased  body  temperature  is  according  to  Van  t  Hoff  s  law. 


fl,  •  rr  ®  acclimatization  metabolism  of  the  men  per- 

inimg  the  same  work  in  tlie  lieat  returned  to  tlie  control  level  because 
they  had  become  able  to  do  the  work  in  the  heat  with  no  greater  increasS 
of  r  ctal  temperature  than  those  they  experienced  in  a  cool  envi  ™ment 
Further  eviynce  of  reduced  work  metabolism  of  men  in  acclhliatLil 
to  hot  climates  is  given  by  Robinson  et  al?’‘  who  found  that  Nevro  sI.q  * 
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liOl) Y  TEM PERA  TURE 

Since  liazett  is  discussing  tlie  body  Leinperalurc  and  stored  body  heat 
ill  anotlier  chapter  of  this  book  it  will  not  be  discussed  in  detail  here; 
instead  we  shall  limit  discussion  to  the  effects  of  hot  environnients  and 
changes  in  metabolic  rate  on  body  temperature.  The  adjustments  of 
circulation,  body  fluids  and  sweating  represent  first  lines  of  defense  against 
heat,  blit  in  spite  of  them  adjustments  of  body  temperature  occur  and  we 
shall  attempt  to  show  the  relations,  extent  and  importance  of  these  changes 
under  different  conditions  of  stress. 

Changes  in  the  amount  of  heat  stored  in  the  body  are  proportional  to 
changes  in  mean  body  temperature,  and  occur  when  the  heat  gain  and 
heat  loss  are  not  in  balance,  liecanse  of  the  high  specific  heat  of  water, 
the  human  body  with  its  great  projiortion  of  wuiter  has  a  high  specific 
heat  (0.83)  and  is  capable  of  storing  relatively  large  amounts  of  heat 
per  degree  of  change  in  average  temperature.  Variations  in  the  tempera¬ 
ture  gradients  betw^ecn  the  central  regions  and  the  surface  and  in  the 
temperature  of  different  internal  regions  and  organs  makes  the  estimation 
of  mean  body  temperature  both  difficult  and  uncertain.  Bazett  and  Mc- 
Glone,^'*^  LeFevre^*^  and  Zondek^^^  have  determined  directly  the  tem¬ 
perature  gradients  in  subcutaneous  layers  of  tissue,  and  from  the  data 
it  is  now  recognized  that  the  cooled  superficial  layers  are  large  and  variable, 
depending  on  the  coolness  of  the  environment  and  the  degree  of  vasocon¬ 
striction.  In  warm  environments  the  cutaneous  blood  flow  is  increased 
and  thus  the  gradient  between  internal  and  surface  temperatures  is 
lowered.  Bazett-  has  pointed  out  that  the  temperature  in  the  limbs  may 
be  much  below  that  of  the  rectum  when  a  man  is  exposed  to  a  cool  environ¬ 
ment.  Claude  Bernard^-^^  showed  that  even  in  the  large  arteries  the  tem¬ 
perature  of  the  blood  is  not  constant;  for  example,  it  increases  slightly 
in  passing  from  the  thoracic  to  the  abdominal  aorta  because  of  the  inter¬ 
change  of  heat  with  the  large  veins  from  the  liver  and  other  abdominal 
viscera  which  lie  next  to  the  aorta.  Rectal  temperature  is  usually  con¬ 
sidered  representative  of  the  internal  body  temperature  and  undoubtedly 
is  a  fairly  accurate  measure  when  the  body  is  m  equilibrium  w  ith  a  warm 
environment.  When  the  body  is  in  thermal  equilibrium  it  is  probable 
that  the  temperature  of  the  aortic  blood  is  more  truly  representative  of 
the  entire  body  than  temperature  taken  at  any  other  point;  unfortunately , 
it  is  not  practicable  routinely  to  measure  aortic  temperature  m  man 
under  ordinary  experimental  conditions.  Temperature  measured  m  the 
axilla  is  not  a  reliable  index  of  average  body  teinperature  or  reasons 
which  arc  obvious  from  the  above  discussion.  ISIouth  temiierature  can  be 
altered  by  changes  in  volume  and  rhythm  of  respiration  and  m  the  tem- 
nontiire  and  humiditv  of  inspired  air. 

'  liiirton'*'  calculated  the  mean  body  teinperature  ot  men  by  the  eqna- 


tion 


Tro  =  0.65  I'r  4-0.35  1  g 


where  Tm  =  the  mean  body  temperature 
=  tfie  rec  tal  temperature 
Xg  =  the  mean  skin  temperature 

Winslow  et  alP  have  given  evidence  that  this  equation  applies  satis- 
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factorily  for  men  when  they  are  exposed  to  warm  environments  and  there¬ 
fore  in  a  state  of  general  cutaneous  vasodilatation  but  that  when  they 
are  vasoconstricted  as  in  a  cool  or  cold  environment  the  gradients  are 
markedly  different;  therefore  the  equation  is  not  always  an  accurate 
expression  of  the  mean  body  temperature. 

There  is  extensive  evidence  that  a  man’s  skin  temperature  increases 
sensitively  with  increasing  environmental  temperature  in  temperate  and 
hot  environments.  Winslow,  Herrington  and  Gagge,^“  Gagge,  Winslow  and 
Herrington,-®  and  Adolph^^^  have  shown  this  to  be  true  for  both  clothed 
and  nude  men  at  rest  in  environments  ranging  from  cool  to  moderately 
hot.  Nielsen'^^  and  Winslow  and  Gagge-^  have  shown  that  a  similar  rela¬ 
tionship  holds  in  working  men.  Robinson’s  studies®-  have  extended  meas¬ 
urements  into  extremely  hot  environments  for  both  resting  and  working 
men.  The  relation  of  increasing  effective  temperature,  ET,  to  the  skin 


Fig.  38.  The  effect  of  exposures  of  a  man  to  increasing  “effective  temperature.”  Each  value 

n  during  the  second  hour  of  a  two  hour  exposure;  each  value 

of  rectal  temperature  is  the  measurement  at  the  end  of  the  second  hour.  The  subject  wore 
shorts  m  all  experiments.  (Unpublished  data  of  Robinson.)  ^ 


temperature  of  an  acclimatized  man  wearing  only  shorts,  shoes  and  socks 
s  shown  m  Figure  38  drawn  from  unpublished  data  of  Robinson  and  col- 

chTts"  ‘he  same 

the  i^^lation  IS  more  nearly  linear  m  the  resting  man  than  for 

7  to  sr  r  ' 0™“*'  used  in  these'exposures^  e 

^  tt  hiehe'r  Pt”?’  temperature  cukes  upivard 

c  t  the  higher  ET  values,  the  inflection  of  the  upward  curve  in  work  bpincr 

"Srs.',',""  <=■  >;*«”.  s  ”  ;rar,'?  ? 

nereas  rectal  temperature  increased  progressive^  abovp  ^ 

was  raised  between  28  and  “^7  t  x.  i  ET 

ween  g8  and  37.8  C.  In  contrast  to  this,  rectal  temperature 
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in  work  (MR  =  100  Cal.  in. -/hr.)  was  elevated  lo  about  .‘17.6°  C.  in  the 
coolest  environment  and  was  unchanged  by  increasing  Ed'  up  to  2S°  C. 
Thus  there  was  no  zone  of  internal  body  cooling  in  this  range  for  the 
working  subject.  There  was  a  sharp  inflection  upward  of  rectal  tempera¬ 
ture  with  further  increases  in  Ed'  above  2S°  Cb  It  is  important  to  observe 
in  Figure  38  that  the  rise  of  skin  temperature  with  increasing  Ed'  was 
uniformly  greater  than  the  rise  in  rectal  temjicratnre,  with  the  net  result 
that  the  gradient  between  rectal  and  skin  tcmiierature  was  progressively 
reduced  as  the  tcmjieraturc  rose,  d'hc  gradient  was  reduced  to  0.4°  C.  in 
rest  at  an  Ed'  of  37.8°  C.  and  to  1.0°  C.  in  work  at  36.2°  C.  Ed'. 

d'he  rectal  temjierature  of  men  increases  with  increasing  intensities  of 
work  and  metabolic  rate  even  in  a  constant  environmental  temperature 
(Fig.  35).  Nielsen^®  has  found  that  for  each  level  of  work  within  the 
limits  of  a  steady  state  a  man’s  rectal  temperature  rises  in  about  an  hour 
to  a  new  level  and  remains  there  until  the  work  is  stopped,  when  the 
temperature  returns  slowly  to  the  resting  level,  d  he  thermostat  setting 
seems  to  be  elevated  to  a  level  jirojiortional  to  metabolic  rate.  On  the 
other  hand,  increasing  the  rate  of  work  has  no  effect  on  skin  temperature 
when  the  environmental  temperature  remains  constant  (Fig.  31).  For  a 
given  level  of  moderate  work  the  rectal  temperature  which  is  maintained 
in  equilibrium  will  be  the  same  over  a  wide  range  of  environmental  tem¬ 
peratures  (Figs.  34  and  38).  However,  if  the  heat  stress  is  raised  bcyoiul 
a  certain  level  the  subject  cannot  continue  the  work  indefinitely  in 
equilibrium  and  his  body  tenqieratnre  will  rise  to  intolerable  levels.  Rob¬ 
inson  et  have  determined  that  the  severity  of  heat  stresses  m  which 
men  can  maintain  thermal  equilibrium  from  the  second  through  the  sixth 
hour  of  exposure  is  reduced  in  ])roi)ortion  to  the  seventy  of  the  work  and 
its  metabolic  rciiiiiremcnt.  Figure  11  gives  a  comparison  ot  contours  on 
the  iisvchrometric  chart  denoting  the  mo.st  severe  conditions  in  which 
men  maintained  practical  thermal  equilibrium  for  six  hours.  It  is  obvious 
from  this  graph  that  the  severity  of  conditions  m  which  they  maintained 
thermal  equilibrium  was  reduced  significantly  when  the  inen  ^  "thing 

and  was  also  .'.■.luccd  in  proportion  to  tl,c  mtonsity  o  ^ 

men  We  liave  ol.servcd  tliat  any  coinhnu'd  stress  ot  heat  and  «oik  ninch 
elevates  a  man’s  rectal  temperatnre  to  about  38.8»  C.  wdhm  two  hours, 
if  continued  will  result  in  further  rises  of  rectal  temperature  and  exhaus 
tion  within  the  next  four  hours  (  Kig.  .dti/t) .  We  have  found  that  most  mui 
n  ib^elv  tolerate  a  rectal  te.nperature  of  dlt/,”  C.  produced  m  one  to 
two  liours  l.y  exposure  to  intense  heat  or  li.v  a 


m 

in 


‘ctal  temperature  to  aooni  io°  C  1  have  meas- 

,i„utes  inundiately,  ;™;r7';:";;rd,a"npim.s  Gregory  Rice  and 
red  rectal  temperatures  of  41  C  .  m  tne  cna  i 
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Donald  Lash  after  races  on  a  warm  summer  day  (air  temperature  29  5°  C. 
with  relative  humidity  05  per  cent)  .  Rice  ran  3  miles  in  fourteen  and  two- 
tenths  minutes  and  Lash  10  kilometers  in  thirty  and  five-tenths  minutes 
and  both  made  normal  recoveries.  Other  runners,  notably  in  the  Olympic 
games  in  Paris  in  the  summer  of  1924  and  occasionally  in  national  meets 
in  this  country  in  July,  have  been  observed  to  develop  symptoms  of  heat 
stroke  in  races  of  fourteen  to  thirty-two  minutes’  duration,  but  the  authoi 
knows  of  no  measurements  of  rectal  temperature  having  been  made  on 


them. 

From  the  above  evidence  it  appears  that  the  highest  rectal  temperature 
which  is  tolerable  by  healthy  young  men  at  work  is  dependent  upon  the 
duration  of  the  exposure. 

The  question  of  whether  or  not  the  rectal  temperature  of  resting  men 
is  permanently  elevated  in  hot  climates  has  been  debated  by  numerous 
observers  for  many  years.^  Recent  work  by  Burton  et  alP  indicates  that 
it  is  not.  They  found  that  when  men  unacclimatized  to  heat  are  suddenly 
exposed  to  a  warm  environment  (32.4°  C.  dry  bulb  with  24°  C.  wet  bulb)  , 
their  rectal  temperature  during  rest  on  the  first  day  rose  about  0.5°  C. 
above  the  usual  level.  This  shift  was  gradually  decreased  during  the  next 
few  days  as  adaptation  to  the  new  environment  progressed. 

The  process  of  acclimatization  to  work  in  hot  environments  involves 
remarkably  rapid  improvements  in  the  regulation  of  body  tempera¬ 
ture.''**’’  Data  of  Robinson  et  show  that  when  men  who 

were  well  trained  for  performing  a  fixed  task  of  moderate  work  in  a  cool 
environment  performed  the  same  work  in  an  air  temperature  of  40°  C. 
with  23  per  cent  relative  humidity,  their  rectal  and  skin  temperatures 
were  raised  to  averages  of  39.7  and  37°  C.  respectively  within  sixty  to 
ninety  minutes.  Daily  repetitions  of  the  same  task  in  the  same  hot  environ¬ 
ment  made  it  possible  within  four  to  eight  days  for  them  to  perform  the 
work  without  distress,  with  skin  temperatures  reduced  to  35.8°  C.  and 
rectal  temperature  elevated  only  to  the  control  levels  they  had  attained 
in  performing  the  same  work  in  a  cool  environment. 


RESPIRATION 

1  ulmonary  ventilation,  which  is  under  nervous  control,  as  stated  above, 
participates  in  both  convective  and  evaiiorative  heat  exchange  of  the 
body.  Its  importance  depending  on  the  volume,  temperature  and  relative 
humidity  of  the  inspired  air.  In  man  this  factor  is  of  much  less  importance 
quantitatively  than  heat  exchange  through  the  skin,  although  a  rise  in 
interna  body  temperature  will  cause  a  definite  increase  in  pulmonarv 

nnt -qjorV/r"  ^  performing  a  constant  rate  of  work 

xau  tilMion  Cal./hr.)  m  extremely  hot  environments  that  pulmonarv 
N  cntilation  was  increased  by  25  to  50  per  cent  for  each  degree  centicvrad^ 

of  rectal  temperature  over  control  values  determined  on  the 
en  performing  the  same  work  m  a  cool  environment.  Other  workers  have 
preyous ly  oliserved  increases  of  respiration  and  lung  ventilation  associ 
j  ed  with  elevated  body  temperature  in  resting  subjects  uio,  151  The 

w  rsrr.tc'o  ■'  '-■>  0-.!;: 

I  O2  and  consequently  produce  alkalosis.^’^^- 
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Hazett-  has  calculated  that  the  QlO  of  increased  respiration  in  hyper¬ 
thermia  is  7  to  8.  Respiratory  movements  are  mueh  more  important  in 
adaptations  to  hot  environments  by  the  dog  than  by  man  beeause  dogs 
do  not  sweat  on  the  general  body  surface  and  therefore  evaporative  heat 
exchange  is  limited  largely  to  the  mouth  and  air  passages.  Associated  with 
the  dog’s  dependence  on  evaporation  from  the  air  passages  is  its  highly 
sensitive  respiratory  response  to  both  elevated  skin  and  internal  body 
temperatures.  Hyperthermic  i)olypnea  with  respiratory  rates  of  300  to 
400  per  minute  are  commonly  observed  in  the  dog. 
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CHAPTER  (i 


PHYSIOL()(HC  ADJUSTMENTS  TO  COLD 

C.  R.  Spealman 

Knowledge  of  physiologic  adjustments  to  cold  is  necessary  for  the 
development  of  a  science  of  clothing.  Several  reviews  of  temperature  regu- 
lationd"^  environmental  physiology ])eripheral  circulation^^"^**  and 
metabolism^^'-^  cite  much  of  the  recent  literature  on  various  aspects  of 
these  adjustments.  Quantitative  information  is  emphasized  in  the  present 
account,  since  this  is  required  in  solving  many  of  the  problems  of  clothing. 
Approximate  values  customarily  used  are  given  in  cases  in  which  more 
precise  values  are  not  available;  reference  is  made  to  the  literature  in 
other  cases  in  which  a  summary  of  ])ublished  data  would  require  ex¬ 
cessively  large  amounts  of  space.  The  ]diysiologic  control  of  bodily  adjust¬ 
ments  to  cold  has  been  described  in  Chapter  4. 


PHYSIOLOGIC  MECHANISMS 

Deep  body  temperature  is  prevented  normally  from  declining  l)elow 
I)h  ysiologic  levels  by  the  establishment  of  a  balance  between  the  amount 
of  heat  produced  by  the  body  and  the  amount  of  heat  lost  from  it.  lioth 
of  these  quantities  are  variable.  Heat  production  may  be  approximately 
50  large  calories  per  square  meter  of  body  surface  area  per  hour  while 
sitting  at  rest;  100,  during  light  work;  200,  during  moderate  work;  or  500 
during  very  heavy  work.  Average  values  of  heat  production  for  various 
occupations  and  activities  may  be  found  in  several  publications.^'* 

Heat  is  lost  from  the  body  through  the  skin  surface  and  by  way  of  the 
respiratory  tract.  The  quantity  of  heat  lost  in  respiration  is  determined 
to  a  great  extent  by  the  temperature,  humidity  and  density  of  the  ambient 
air  and  by  the  ventilation  rate.  A  nomogram^^  showing  respiratory  heat 
loss  as  a  function  of  ventilation  rate  and  environmental  temperature  indi¬ 
cates  that  resiiiratory  heat  loss  may  vary  from  unimportantly  small 
quantities  in  temperate  environments  to  as  much  as  50  large  calories  per 
1000  liters  of  respired  air  (as  measured  under  standard  conditions)  m  the 
extreme  cold.  The  nomogram  is  based  upon  the  assumption  that  expired 
air  is  at  a  temperature  of  C.  and  that  it  is  completely  saturated  w.  h 
water  vapor.  Evidence  was  obtained  that  the  temperature  and  humidity 
of  expired  air  were  not  greatly  different  from  these  va  ues  even  in  aU 
mospheres  as  cold  as  -40°  Others^^-  g.ve  estimates  of  respiratory 

heat  loss  calculated  on  the  basis  of  assumptions  similar  to  tho.se  de.scri  w 
above  and  Thauer*  describes  formulas  commonly  used  m  making  such 
Itima,::  However,  it  I, a.  been  s.ate.l-  that  tl.e  tcn'i-ature  o  ex,„r 
air  niav  l.c  as  low  as  aS"  C,  in  ver.v  eohl  environments.  If  this  is  true, 
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generally  accepted  estimates  for  heat  loss  in  the  extreme  cold  are  too 
great.  There  will  continue  to  be  some  uncertainty  as  to  the  amount  of 
heat  lost  through  respiring  cold  air  until  the  temperatures  and  humidities 
of  expired  air  have  been  measured  with  greater  precision  under  various 
experimental  conditions.  It  may  be  noted  that  these  quantities  are  diffi¬ 
cult  to  measure  accurately  when  the  ambient  air  is  cold. 

Heat  loss  from  the  general  body  surface  may  be  considered  to  involve 
transfer  of  heat  from  the  interior  of  the  body  to  the  surface  of  the  body 
and  transfer  from  the  body  surface  to  the  environment.  Heat  is  transferred 
to  the  surface  of  the  body  by  simple  conduction  and  by  convectional 
transport  in  the  circulatory  system.  These  mechanisms  of  heat  trans¬ 
ference  are  under  considerable  physiologic  control  and  are  discussed  in 
detail  below. 

Heat  is  lost  from  the  surface  of  the  body  by  evaporation  of  water  and 
by  radiation,  conduction  and  convection.  The  quantity  of  heat  lost  from 
the  surface  of  the  body  under  equilibrium  conditions  must  equal  the 
quantity  of  heat  transferred  to  the  body  surface.  Under  other  conditions 
the  quantity  lost  from  the  surface  may  be  temporarily  greater  or  less  than 
the  quantity  transferred  to  it.  Radiative,  conduetive  and  convective  heat 
losses  which  depend  only  upon  the  temperature  and  other  physical  char¬ 
acteristics  of  the  body  surface  and  the  environment  are  considered  else¬ 


where  in  this  volume.  Evaporative  loss  of  heat*  from  the  nude  body 
surface  in  comfortable  or  cold  environments  (where  sweating  is  absent) 
is  influenced  by  all  factors  which  alter  the  gradient  of  water  vapor  tension 
between  the  skin  surface  and  the  surrounding  air.  Thus  environmental 
temperature  (which  influences  the  surface  temperature  and  water  vapor 
tension  of  the  skin) ,  water  vapor  tension  of  the  ambient  air,  and  air 
movement  (which  appears  to  act  chiefly  by  affecting  skin  temperature) 
are  of  great  importance  in  determining  the  rate  at  which  water  is  evapo¬ 
rated.  Insensible  loss  of  water  is  relatively  unaffected  by  moderate  dehv- 
dration  (u^p  to  6  per  cent  of  the  body  weight) .  Changes  in  volume  flow  of 
blood  to  the  skin  affects  the  rate  of  evaporation  of  water  mainly  by  alter¬ 
ing  skin  temperature.  Insensible  loss  of  water  from  the  body  surface  of 
clothed  men  is  influenced  by  environmental  factors  to  much  lesser  extent 
than  IS  the  ease  with  nude  men.  Newburghi*!  has  recently  reviewed  this 

vdewpoints*"'''^  consulted  for  some  of  the  earlier 

from  the  skin  was  estimated  to  be  19  grams  per  man’per  hour 
under  comforLle^  bTo^h" 

the  amount  of  heat  lost  in  tfiic  ,-,-,0,  •  ’  clitions,  it  is  evident  that 

under  ordinarv  conditions  Total  inTeV  reduced  greatly  in  the  cold 

lungs)  decreases  everesTas  t^e  ei  vTonf  and 

is  an  increase  in  the  --e  there 

of  -  l-e  0.5S  large  calorL  per  grl™ 
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for  tile  lesser  ainount  lost  from  the  skin.  In  the  case  of  comfortably 
clothed  men,  vaporization  of  water  removes  ajijiroximately  one  quarter 
of  the  total  heat  eliminated  trom  the  body.'*’  This  relationship  holds  for 
both  active  and  resting  men  over  a  wide  range  of  environmental  conditions. 

ACUTE  EXPOSURE  TO  COLD 

(  onstriction  of  jierijiheral  blood  vessels  is  one  of  the  important  physio¬ 
logic  responses  which  occurs  rather  quickly  following  exposure  to  cold. 

1  his  decreases  heat  transfer  from  the  interior  to  the  surface  of  the  body 
by  decreasing  the  quantity  of  blood  flowing  through  the  skin  and  other 
peripheral  tissues.  The  average  insnlative  value  of  surface  tissues  when 
vasoconstriction  is  maximal  is  reported^^  to  be  0.11°  C./Cal./m,Vhr., 
or,  to  state  the  matter  differently,  ajiproximately  9  large  calories  i)cr 
square  meter  of  surface  area  per  hour  are  transferred  to  the  surface  of  the 
body  for  each  degree  difference  in  temperature  between  deep  body  tissues 
and  the  laxly  surface.  Five  or  six  times  this  quantity  of  heat  may  be  trans¬ 
ferred  when  j)eri])heral  vessels  are  fully  dilated.^  There  is  considerable 
variation  among  individuals  and  in  the  individual  at  different  times  as 
regards  the  insnlative  value  that  may  exist  in  peripheral  tissues  under 
any  given  conditions.^* 

A  measure  of  the  degree  of  vasoconstriction  can  be  obtained  by  calculat¬ 
ing  the  average  amount  of  blood  flowing  through  ])eri})heral  tissue,  using 
a  formula  of  the  type  emi)loyed  by  Hardy  and  Soderstrom.^^*  The  formula 
is  based  ujx)n  the  assumption  that  the  quantity  of  heat  transferred  to 
the  body  surface  is  equal  to  the  quantity  of  heat  that  can  be  transferred 
through  ischemic  skin  i)lus  that  transferred  by  circulating  blood.  In  esti¬ 
mating  the  magnitude  of  peripheral  circulation,  it  is  assumed  that  blood 
enters  the  skin  at  a  temi)erature  ecpial  to  rectal  temperature  and  leaves 
the  skin  at  a  temperature  equal  to  skin  temperature. 

where  F  =  l)lood  flow  in  cc.  per  minute 
S  =  total  area  of  the  body  in  m.^. 

11  =  heat  transfer  through  tlie  skin  in  Cal./m.Vhr. 
d'r  =  rectal  temperature  in  degrees  centigrade 
Tg  =  skin  temperature  in  degrees  centigrade 

liccause  (.f  the  api.roxiniate  nature  of  assumptions  underlying  this  formula, 
cstinmtes  of  peri|,l,eral  bh.o.1  How  may  not  he  more  aeenrate 
correct  order  of  magnitude.  Calculations  indicate  that  average  blood  flo« 
„  fnllv  vasoeonstriete,!  skin  is  probably  less  than  1.5  ee.  -f  ", 

surface  area  per  minute.  This  figure  may  be  compared  with  2.i0ec... 
^rVniin  ilniing  moderately  active  vasodilation  (nnmi  tempera  lire. 

discaissed  e  sewluTC  C  , hat  vasoconstriction  will  take  place 

:;:,l'^tder  n^st  chetnnstane  of  exposure  to  cold.  A  prompt  increase 
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in  insiilative  value  of  iieripheral  tissues  is  important  to  the  heat  economy 
of  the  body,  since  conservation  of  stored  heat  delays  or  lessens  the  demand 
for  an  increase  in  metabolic  heat  production.  The  foimula  given  le  ovv 
has  been  developed  for  estimating  the  loss  of  stored  heat  when  the 
av'erage  fall  in  body  temperature  is  knovvm." 


where  D 

S 

Ta 


I)  =  WSTa 

the  heat  debt  or  loss  of  stored  heat  in  large  calories 
body  weight  in  kg. 

average  specific  heat  of  the  body,  usually  taken  to  be  0.83 
the  fall  in  average  body  temperature  in  degrees  centigrade 


As  a  first  approximation,  Ta  may  be  taken  to  be  equal  to  the  drop  in 
deej)  body  (rectal)  temperature;  howev^er,  more  accurate  estimates  can 
be  made  if  rectal  temperature,  mouth  temperature  and  surface  tempera¬ 
tures  of  several  regions  of  the  body  are  av^eraged  after  weighting  them 
appropriately.-^  A  highly  accurate  value  for  heat  debt  probably  cannot 
always  be  obtained  in  this  vvGay,  since  the  interior  of  the  body  may  not  be 
at  the  same  temperature  throughout.  For  example,  Lefevre^^  found  the 
temperature  of  the  liv^er  to  be  2  or  3°  C.  abov'e  rectal  temperature  during 
experimental  cooling  of  jiigs  in  water  at  5°  C.  Others®^’  have  shown  that 
gastric  and  rectal  temperature  may  be  appreciably  different.  There  is 
evidence  also  that  the  temperature  of  the  lungs  may  be  different  from 
rectal  temperature.^^  However,  the  formula  is  useful  in  estimating  the 
magnitude  of  heat  debt.  It  yields  quite  accurate  results  under  restricted 
conditions.^'^ 

Direct  determination  of  loss  of  stored  heat  in  subjects  immersed  in 
relatively  warm  water  in  a  calorimeter  has  shown  that  large  quantities 
of  stored  heat  (119  Cal.  in  one  experiment  of  .seventy-three  minutes’  dura¬ 
tion)  may  be  lost  with  only  a  small  decline  in  rectal  temperature.'*'^’  This 
is  approximately  equivuilent  to  the  hourly  heat  jiroduction  of  the  average 
indiv  idual  while  standing  at  rest. 

If  va.soconstriction  fails  in  retarding  sufficiently  the  loss  of  body  heat, 
an  increase  in  heat  production  occurs.  A  mechanism  other  than  shivering 
whereby  acute  exposure  to  cold  normally  causes  an  increase  in  human 
metabolism  is  said  to  exist;  however,  most  investigators  have  been  unable 
to  demonstrate  an  increase  in  metabolism  of  human  subjects  who  are 
cold  but  not  shivering.^’.  ^ore  information  will  have  to  be  obtained 
before  the  imimrtanee  of  such  a  mechanism  for  elevating  metabolism  can 
be  ev^aluated.  Day^  has  recently  discussed  much  of  the  pertinent  literature 

Following  the  onset  of  .shivering,*  heat  production  becomes  sufficientlv 
gieat  to  arrest  body  cooling  if  the  environment  is  not  too  cold  However 
shivenng  ,s  u.sually  not  great  enougl,  in  tire  early  stages  to  a^•okl  a  heat 
(kl)t  of  important  inagnitucle.  Furthermore,  there  rioes  not  ordinarily 
seem  to  be  any  attempt  to  do  more  than  to  [irevent  further  body  cooling 

debt’  "f  Sweater  intensity  would  repay  the  heift' 

ebt.  Tins  IS  true,  under  certain  eireumstances  at  least,  eyen  when  slii  e 

mg  IS  of  yery  low  intensity.-  The  inayimiiin  rate  at  which  li'rt  ei:'  b( 

I)|»0U„|„„  is  limited  to  tlie  rase  of  inn,  at  re.sl:  i.e.,  sitlii.g 
ttle  information  concerning  shivering  during  exerci.se. 


g  or  standing.  There  is  verv 
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produced  by  shivering  may  be  comparalile  to  that  produced  during 
strenuous  work,  for  values  considerably  greater  than  200  Cal./m.^/hr. 
have  been  reported  to  occur  during  strong  shivering.^*^ 

Shivering  decreases  the  insulative  value  of  peripheral  tissues, pre¬ 
sumably  by  lessening  the  degree  of  i)eripheral  vasoconstriction.  However, 
the  decrease  in  insulative  value  is  moderate  even  when  shivering  is  very 
intense.  In  experiments^®  on  men  immersed  to  the  level  of  the  neck  in 
water  at  20°  C.,  average  heat  loss  to  the  water  after  body  temperature 
had  become  stabilized  was  estimated  to  be  108  Cal./m.2/hr.*  The  differ¬ 
ence  between  body  temperature  (mean  of  rectal  and  gastric  temperature) 
and  water  temperature  was  15.5°  C.  Therefore,  the  average  quantity  of 
heat  transferred  per  degree  difference  in  temperature  was  13  Cal./m.^/hr. 
Average  heat  conductance  of  peripheral  tissues  of  men  who  are  com¬ 
pletely  vasoconstricted  but  not  shivering  is  usually  stated  to  be  9  or  10 
Cal./m.2/hr./°C.^'  ® 

The  extremities  (hands  and  feet)  occupy  a  special  position  in  the  heat 
economy  of  the  body.  Cooling  is  favored  by  the  large  surface  area  relative 
to  mass  of  tissue  and  by  the  small  quantity  of  blood  (the  chief  source  of 
heat)  supplied  to  cold  extremities.  When  the  body  as  a  whole  is  cold,  hands 
and  feet  tend  to  approach  ambient  temperature,  and  great  difficulty  is 
experienced  in  devising  protective  hand  gear  and  foot  gear  (Chap.  11). 
However,  the  restriction  of  blood  supply  serves  the  useful  purpose  of 
conserving  body  heat.  Blood  flow  values  as  low  as  0.2  to  0.5  cc./lOO  cc./min. 
have  been  found  in  hands  and  fingers  during  experiments  in  moderately 
cold  environments.'*®-  It  may  be  noted  that  quite  extreme  degrees  of 
relative  ischemia  can  be  withstood  for  long  periods  without  harm.  In 
experiments  in  which  men  lived  continuously  for  one  month  in  a  room 
maintained  at  15°  C.,  extremities  were  not  noticeably  injured,  although 
the  surface  of  the  feet  of  these  men  remained  at  a  temperature  of  approxi¬ 
mately  17°  C.  throughout  the  entire  period.'*^  Blood  flow  must  have  been 
of  small  magnitude  in  this  experiment  since  the  temperature  difference 
between  feet  and  the  environment  was  small.  However,  the  blood  supply 
was  evidently  sufficient  for  the  requirement  of  the  chilled  tissues 

Vasoconstriction  is  not  maintained  when  extremities  become  extreme  y 
cohP®  The  dilatation  caused  by  severe  cold  is  essentially  a  reaction  to 
injiirv,  according  to  Lewis.  A  sensory  nerve  axon  reflex  seems  to  be  m- 
volved,  for  the  reaction  occurs  after  degeneration  of  sympathetic  fi 
and  after  section  of  sensory  fibers,  but  is  absent  after  sectione 
fibers  degenerate.-*®  It  may  be  that  arteriovenous  anastomoses  are  the 
nrincipal^^essels  responsive  to  extreme  cold;  however,  the  reaction  occurs 
in  skin  areas  where  these  vessels  are  absent.-*^  In  the  absence  of  changes 
in  the  thermal  condition  of  the  body  as  a  whole,  blood  flow  in  vei\  co  ( 

oxtremities  (5  to  10°  C.)  is  many  times  greater  than  blood  flow  in  mod- 
extremities  (O  r  1  ^'*  This  reaction  to  cold  is  not 

a„/„ik  ana  for  respiratory  heat  loss,  lloom  temperature  was  ,6  C. 
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CHRONIC  EXPOSURE  TO  COLD 


The  belief  lias  been  held  that  prolonged  exposure  to  cold  induces 
physiologic  changes  which  enable  men  to  withstand  cold  with  lesser  dis¬ 
comfort  than  is  experienced  during  the  early  period  of  exposure.  Observa¬ 
tions  on  inhabitants  of  different  climatic  regions  of  the  earth,  on  individuals 
transferred  from  one  climatic  region  to  another,  and  on  individuals  at 
different  seasons  of  the  year,^-  have  not  usually  been  adequately  con¬ 
trolled;  consequently,  they  are  difficult  to  evaluate. 

Laboratory  experiments  on  animals  have  shown  that  an  increase 
(usually  10  to  30  per  cent)  in  resting  heat  production  (measured  at 
thermal  neutrality)  occurs  in  rats  and  rabbits  following  prolonged  expo¬ 
sure  to  cold  environments.^^^-  Increased  activity  of  the  thyroid  may 
be  the  immediate  cause  of  the  increased  heat  production  as  evidenced  by 
the  duration  of  exposure  required  to  obtain  the  response,  by  the  histologic 
changes  which  occur  in  the  thyroid  gland^^  and  by  the  slight  increase  in 
basal  metabolism  occurring  when  animals  with  most  of  the  thyroid  glands 
removed  are  exposed  to  cold.^^  It  is  postulated  that  the  thyroid  becomes 
hyperactive  as  a  result  of  an  augmented  secretion  of  thyrotropic  hormone 
of  the  anterior  pituitary  gland  which  has  been  stimulated  by  impulses 
from  the  hypothalamus.^^  The  significance  of  this  elevation  in  metabolism 
induced  by  cold  is  not  completely  understood.  The  extra  heat  would  enable 
animals  to  maintain  thermal  balance  without  shivering  at  an  environ¬ 
mental  temperature  only  slightly  below  that  at  which  shivering  would 
occur  if  the  resting  heat  production  had  not  increased.  It  has  been  sug¬ 
gested  that  the  increase  in  resting  heat  production  may  be  only  an 
incidental  manifestation  of  physiologic  alterations  more  important  to 
survival  in  the  cold.^^  Other  physiologic  adaptations  are  known  to  occur 

m  animals  chronically  exposed  to  cold,  but  these  have  not  been  studied 
m  such  great  detail. 


Recent  laboratory  experiments  indicate  that  resting  metabolic  heat 
production  of  men  may  likewise  be  increased  to  some  extent  as  a  result 
of  prolonged  exposure  to  cold.  Seven  young  men  who  were  lightly  dressed 
and  exposed  continuously  to  cold  (15°  C.)  for  periods  of  two  to  four 
eeks  developed  a  small  increase  in  resting  metabolism  and  in  twenty- 
four  hourly  metabolism  in  most  instances  (average  increase  7  per  cent! 
Hyperactivity  of  the  thyroid  gland  may  have  been  responsiblf  since  {he 
inciease  m  metabolism  appeared  only  after  men  had  been  exposed  for 
abou  ten  days.  Also  there  was  a  slight  decrease  in  plasl  holLterol  a 

enXd^hr  “---d  to  a  great' 

xtent  had  the  subjects  been  exposed  to  a  degree  of  cold  as  severe  L  tb«t 

sriatfi:;:- -d~  -  ^  ^ 

-e  sahteets  ol  the 
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iiiicoiiifortable  in  the  cold,  as  judged  by  their  own  statements  and  by 
observation  of  their  behavior.  This  occurred  mostly  during  the  first  day 
or  so  of  exposure  and  was  not  correlated  with  changes  in  deep  liody  tem- 
jierature,  surface  temiierature.  or  metabolism.  There  was  a  concomitant 
disappearance  of  cyanosis,  the  significance  of  which  is  unknown.  These 
findings  support  the  belief  that  men  do  become  acclimated  to  cold  environ¬ 
ments.  The  mechanism  by  which  this  is  accomplished  has  not  yet  been 
defined.  Of  the  several  studies  describing  physiologic  changes  induced  by 
cold  which  are  ])ossibly  involved  in  acclimatization,  one  of  the  most  im- 
])ortant  is  that  of  Bazett  and  co-workers.^"* 
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CHAPTER  7 


REGIONAL  HEAT  LOSS 


Richard  Day 


1  he  body  surface  is  not  uniform  with  respect  to  the  rate  of  heat  loss. 
Differences  in  blood  flow,  in  rate  of  perspiration  and  in  the  size  of  the 
extremities  and  trunk  account  for  the  lack  of  uniformity.  The  factors 
which  influence  and  regulate  heat  loss  are  described  in  Chapters  .‘5  and  4. 
In  this  chapter,  a  description  of  local  variations  in  these  factors  is  jire- 
scntcd. 

For  an  ideal  discussion  of  the  rate  of  heat  exchange  in  different  body 
areas,  actual  measurements  of  the  quantities  of  heat  involved  in  each 
area  would  be  necessary.  Such  data  do  not  exist  except  for  the  hand.  The 
results  of  hand  calorimetry  will  be  given  in  some  detail.  For  other  body 
areas,  it  is  necessary  at  present  to  make  inferences  as  to  the  heat  exchange 
under  any  particular  circumstance  on  the  basis  of  measurements  of  skin 
temjierature,  rate  of  persjiiration  and  blood  flow. 

Perhaps  the  most  imjiortant  source  of  regional  variations  in  heat  loss 
occurs  in  the  clothed  individual.  Smalt  objects,  like  fingers  and  toes  and, 
to  some  extent,  arms  and  legs,  arc  difficult  to  insulate,  d  his  results  from 
the  increased  area  for  heat  loss  on  the  outside  of  thick  insulation  wrap])cd 
around  a  small  cylinder.  A  mathematical  consideration  of  the  loss  of 
insulational  efficiency  thus  incurred  is  given  in  Chapter  11,  Section  G. 

REGIONAL  VARIATIONS  IN  THE  FLOW  OF  BLOOD  THROUGH  THE  SKIN 

The  effectiveness  of  an  increased  flow  of  blood  in  accelerating  heat  loss, 
and  of  a  decreased  flow  in  retarding  it,  is  dependent  on  the  resultant 
changes  in  skin  temperature.  A  knowledge  of  blood  flow  m  the  skin  under 
different  conditions  is  therefore  important. 


METHODS  OF  MEASURINO  BLOOD  FLOW 

Useful  studies  of  skin  blood  flow  have  been  made  by  means  of  (1)  the 
plethysmograph,  (2)  the  photoelectric  plethysmograph  and  (3)  the 
thermometer,  usually  in  the  form  of  a  thermocouple  or  radiometer. 

Plethysmojjraph.  The  volume  recorder,  or  plethijsmograph,  has  pio- 
vided  most  of  the  available  information  about  differences  in  blood  flow  m 
the  fingers,  hand  and  forearm.  Hrodie  and  RusselP  introduced  the  technic 

L  an  fsola’tecl  organ  (spleen) .  a.nl  Iknviet,  an,l  Van  -'I  , 

it  to  the  arm  \n  important  review  of  the  sources  of  eiic  i  m  the  metiu) 

[Lt  of  I.an,lowne'an.l  Ka,..»  Alna.nson’s  hook-  on  .  e  e.rc||M,on 
the  extremities  also  describes  the  plethysmograph  and  the  lesults 
many  workers  who  have  used  it. 
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The  plethysniograph  consists  of  a  rigid  walled  cylindei  into  which  the 
hand  is  inserted.  At  the  wrist  an  air  and  water  tight  seal  is  made  with  a 
rubber  diaphragm,  the  latter  in  turn  being  clamped  to  the  metal  collai 
of  the  plethysmograph.  The  diaphragm  must  be  stiffened  by  heavy  sponge 
rubber  or  in  some  other  way,  especially  in  the  case  of  an  air  filled  instru¬ 
ment.  A  tube  connects  the  chamber  in  which  the  hand  lies  with  a  float  or 
bellows  recorder.  The  line  inscribed  by  the  float  varies  with  every  volume 
change  induced  by  a  change  in  volume  of  the  hand.  A  record  of  the  pulse 
and  of  vasoconstriction  or  dilation  is  thus  obtained.  However,  to  measure 
blood  flow,  a  pneumatic  cuff  is  lightly  wrapped  around  the  wrist  outside 
the  chamber.  At  zero  time  this  cuff  (the  occluding  cuff)  is  suddenly 
inflated  to  about  50  mm.  Hg  of  pressure.  Such  a  pressure  prevents  venous 
outflow,  but  does  not  prevent  or  impede  arterial  inflow,  at  least  for  a  few 
seconds.  The  hand  swells  at  a  constant  rate  for  a  few  seconds,  and  then 
more  slowly.  During  the  first  seconds  of  constant  increase  in  hand  volume, 
the  i*ate  of  volume  change  is  taken  to  represent  the  true  rate  of  flow  of 
blood  through  the  hand. 

Measurements  of  flow  have  been  made  for  the  finger,  hand  and  forearm. 
The  plethysniograph  measures  the  total  flow  through  skin,  muscle  and 
fat.  The  proportion  of  each  in  different  parts  influences  the  interpretation 
of  the  results.  Ferris  and  Abramson^  state  that  the  hand  is  30  per  cent 
skin  and  subcutaneous  tissue,  and  15  per  cent  muscle.  In  the  forearm,  the 
skin  and  subcutaneous  tissues  comprise  only  13  per  cent  of  the  total,  and 
the  muscle  59  per  cent.  The  fingers  contain  no  muscle,  and  are  50  per  cent 
skin.  Since  in  temperature  regulation  it  is  the  skin  circulation  which  is 
important,  blood  flows  in  limb  segments  must  be  interpreted  with  these 
facts  in  mind. 


Photoelectric  Plethysmograph.  Hertzman«  has  used  a  photoelectric 
plethysmograph  to  measure  circulation  in  the  skin  itself,  uninfluenced  by 
conditions  m  the  underlying  muscle.  The  device  consists  of  two  tubes,  tlm 
open  ends  of  which  are  directed  towards  and  fixed  just  in  contact  with 
adjacent  areas  of  skin.  There  is  a  light  in  one  tube  and  a  photocell  in  the 
other.  Light  which  is  transmitted  through  the  skin  falls  on  the  photocell 
nith  every  pulse  there  is  a  change  in  the  volume  of  blood  in  the  skin  and 
a  re  ated  change  in  the  transmitted  light,  recorded  on  moving  pkper 
Calibration  is  obtained  by  simultaneous  records  on  the  fingers  with  the 
mechanical  and  the  photoelectric  plethysmograph.  Unfortunately  the 
calibration  cannot  be  reliably  proved  to  hold  for  areas  where  occlusion 
plethymiography  is  impractical,  such  as  the  skin  of  the  trunk  and  head 
\  ariat.ons  in  venous  pressure  and  other  circumstances  may  distort  the 
linearity  of  the  relation  between  the  size  of  the  volume  pulse\and  the  rate 
of  blood  flow.  The  unit  of  measurement  used  by  Hertzian "fthe  ^/'er 

It  s':,"  1 ■;  ■•■r-"' 
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a  change  of  only  several  fold.  I)esi)ite  these  objections,  the  device  has 
proved  useful  in  exploring  the  circulation  in  the  different  skin  areas, 
Ibirton'  has  devised  a  method  for  measuring  local  skin  circulation  which 
depends  upon  the  j)rinci|)le  that  thermal  conductivitij  is  a  function  of 
blood  how.  Two  small  j)ieces  of  silver  are  placed  in  contact  with  the  skin. 
One  of  these  is  heated  slightly  liy  an  electric  coil.  The  temperature  differ¬ 
ence  thus  produced  between  the  two  is  measured  by  wire  resistance  ther¬ 
mometers,  which  form  two  arms  of  a  Wheatstone  bridge.  Changes  in  the 
thermal  conductivity  of  the  subjacent  skin  alter  the  temperature  differ¬ 
ence  between  the  two  pieces  of  silver,  and  fluctuations  in  the  galvanometer 


Air  Tern p  —  °C 

Fig.  39.  The  influence  of  air  temperature  on  tlie  skin  temperature  of  the  liand  and  on  the 
blood  flow.  (From  data  of  Forster,  Ferris  and  Day.'b 


indicate  the  extent  of  these  alterations.  As  yet,  not  many  data  have  been 
obtained  with  this  instrument. 

Thermometer.  Skin  temperature  is  to  a  limited  extent  related  to  the 
circulation  of  blood.  It  is  useful  in  indicating  the  moment  of  onset  and 
direction  of  changes  in  How,  but  it  is  not  accurately  quantitative.  It  is 
influenced  by  the  flow  of  blood,  and  also  by  the  temperature  of  the  blood 
and  air,  the  rate  of  i)erspiration  and  the  vapor  pressure  of  the  water  vapoi 
of  the  atmosphere.  In  Figure  flJ)  the  reason  for  the  defects  in  skin  tem¬ 
perature  as  an  indicator  of  blood  flow  are  jiortrayed.  Above  an  environ¬ 
mental  temperature  of  20°  C.,  skin  temperature  approaches  deep  )<>(  > 
temperature  to  such  an  extent  that  further  large  increases  in  eirculatorv 
rate  cannot  effect  comparable  further  rises  in  skin  temperature  Sweating 
also  retards  the  rise  in  surface  temperature  as  one  observes  the  su  )jec 
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in  progressively  warmer  environments.  On  the  other  hand,  at  environ¬ 
mental  temperatures  below  21°  C.  in  the  case  of  the  ordinarily  clothed 
individual,  the  skin  temperature  will  Huctiiate  with  air  temperature,  and 
in  this  range,  vasoconstriction  being  maximal,  no  changes  in  blood  flow 
occur.  In  spite  of  these  olijections,  skin  temiierature  has  proved  to  be  a 
useful  qualitative  index  of  blood  flow.  It  is  best  measured  by  the  radiom¬ 
eter  described  by  Hardy. Xhermocoujiles  attached  to  the  skin  by  ad¬ 
hesive  tape  are,  however,  satisfactory  in  many  situations.  An  extended 
discussion  of  this  topic  is  given  in  Chapter  2. 

Other  devices  for  measuring  blood  flow  have  been  devised,  such  as  the 
impedanee  plethysmograph  of  Nyboer  et  alP  Difficulties  in  calibration 
have  impaired  their  usefulness. 


OBSERVATIONS  ON  THE  CIRCULATION  IN  DIFFERENT  AREAS 

In  the  fingers,  Wilkins,  Doupe  and  Newman^*^  found  flows  as  low  as 
0.2  cc.,  and  as  fast  as  120  cc.  per  100  cc.  of  finger  tissue  per  minute.  Thus 
there  may  be  a  six  hundredfold  increase  in  rate  of  flow  in  extremely  warm 
as  eompared  with  cold  environments.  Furthermore,  there  was  found  to  be 
a  greater  range  of  circulatory  rates  in  the  distal  than  in  the  middle  phalanx. 
In  the  hand,^^-  the  rate  has  been  found  to  vary  from  less  than  1  cc. 
to  20  or  30  cc.  or  more.  When  the  whole  body  is  cold,  as  well  as  the  hands, 
rates  as  low  as  0.2  cc.  have  been  found  by  Forster,  Ferris  and  Day,^^  and 
by  Spealman.^’  In  the  forearm,  the  variation  that  occurs  is  from  1.5  to 
13  cc.,  according  to  Grant  and  Pearson. Abramson^®  and  others  have 
similarly  found  that  the  maximum  rates  and  the  range  over  which  blood 
flow  varies  increase  as  one  measures  successively  more  peripheral  parts  of 
a  limb.  Part  of  this  increase  is  the  result  of  the  greater  proportion  of  skin 
in  the  more  peripheral  parts,  as  mentioned  previously. 

There  is  apparently  a  difference  in  the  innervation  of  the  vessels  of  the 
skin  of  the  hand  as  compared  with  those  in  the  forearm.  AbramsoiP'''  says 
that  “the  arterioles  of  the  hand  respond  to  most  noxious  and  jisychic 
stimuli  by  constricting,  while  those  in  the  forearm  and  proliably  in  the  leg 
are  either  unaflFected  or  even  dilate  under  similar  conditions,  the  finding 
that  with  a  stimulus,  such  as  a  pinch,  a  decrease  in  limb  volume  occurs 
in  the  forearm  without  any  change  in  the  arterial  inflow,  indicates  that 
vasoconstriction  of  the  venous  bed  alone  takes  place,  independentlv  of 
any  other  alteration  in  the  vascular  tree.”  Abramson  shows  on  the  basis 
of  his  own  work  and  that  of  others  that  reflex  response  to  heat  cold  and 
psychic  stimuli  differ  in  the  hand  and  forearm.  Without  alteration  in  the 
plethysmograph  water  temperature,  warming  the  air  in  the  experimental 

but  the  flow  m  the  forearm  and  leg  will  be  unaffected.  Grant  and  Ilollingi - 
s  low  that  only  if  the  room  is  hot  enough  to  elicit  sweating  will  there  be  an 
augmented  forearm  flow.  The  interpretation  is  that  the  vessels  of  the 
and  dilate  when  vasoconstrictor  impulses  are  removed  bv  moderate  heat 
vhereas  only  when  actual  vasodilator  impulses  are  produced  bv  more 
intense  heating  do  the  forearm  vessels  dilate.  Cutaneous  nerve  block  of 
the  hand  and  foot  but  not  of  the  forearm  or  leg  will  cause  a  blush  AP. 
son  hel,eves  tl.nt  .nnler  co.nfort  conclition, 
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ments  are  met  by  changes  in  the  blood  flow  to  the  hand,  and  only  in 
extremely  hot  rooms,  necessitating  sweating,  are  the  vasodilator  impulses 
of  the  forearm  called  into  play.  Ihe  work  of  Hardy  and  Soderstrom^®  may 
perhaps  be  interpreted  as  partial  contradiction  of  this  idea.  They  found  a 
measurable  rise  in  the  general  thermal  conductivity  of  the  body  i)rior  to 
the  onset  of  sweating,  as  experiments  were  performed  in  progressively 


'Fable  7.  Amplitude  of  Volume  Pulse  (in  Filter  Units)  in  Various  Skin  Areas  in 

Healthy  Male  Adults.  (From  ]Iertzman.“) 


Skin  Area 

Season 

Subjects 

Dbservations 

Range 

Average 

W. 

3 

5 

0.96-2.4 

1.76 

Finger'pad . 

Sp. 

3 

5 

1.0  -2.8 

1.85 

Su. 

11 

17 

2.1  -6.5 

3.4 

w. 

8 

17 

0.43-1.63 

0.94 

Forehead . \ 

Sp. 

7 

7 

0.43-1.54 

1.00 

1 

Su. 

7 

9 

0.67-2.0 

1.00 

4 

11 

0.15-0.48 

0.31 

Forearm . { 

Sp. 

t) 

7 

0.0  -0.34 

0.17 

[ 

Su. 

(5 

8 

0.0  -0.59 

0.30 

Far  lobe . | 

Sp. 

Su. 

(5 

6 

0.53-1.43 

0.97 

G 

9 

0.75-3.3 

1.80 

'Foe  pad . | 

Sp. 

5 

G 

0.30-1.2 

0.G3 

Su. 

5 

8 

0 . 28-2 . 5 

1.23 

Nose  (side) . | 

Sj). 

Su. 

G 

G 

0.G7-1 .43 

1.07 

G 

8 

0.70-1 .75 

1.17 

Cheek . | 

Sp. 

Su. 

7 

7 

0.31-1.07 

0.68 

3 

3 

1.1  -13 

1 . 20 

l.ip  . 

Sp. 

4 

4 

0 . 83-1 . 80 

1  16 

'Fhenar  eminenee . 

Sp. 

5 

5 

0.32-1  4 

0.90 

Ilvpothenar  eminenee . 

Sp. 

4 

4 

0  46-2.26 

1 . 04 

Sp. 

3 

3 

0.38-1.71 

0  90 

/ 

Sp. 

Su. 

8 

8 

0.25-0.92 

0  54 

Dorsum  finger . < 

2 

2 

0.50-0.90 

0.70 

Dorsum  hand . | 

Sp. 

Su. 

G 

G 

00  -0.G8 

0.37 

G 

8 

0.20-0.70 

0.47 

/ 

Sp. 

5 

5 

0.0  -0.45 

oil 

I  )orsum  foot . { 

Su. 

3 

4 

0.0  -0.33 

0.20 

Sp. 

G 

G 

0.0  -0.4G 

0.20 

'J'ibia  . 

Sp. 

G 

G 

0.0  -0.21 

0  04 

Sp. 

5 

7 

0.0  -0.38 

0  15 

Spring  and  winter  temperature.s  in  room  75  to  80°  F.;  relative  humidity  30  percent.  Sum 
mer  temperatures  in  room  82  to  93°  F.;  relative  humidity  38  to  47  per  cent. 


warmer  conditions.  Since  this  change  in  conductivity  is  the  resu  t  of 
vascular  dilation,  it  can  apparently  be  provoked  by  moderate  heat. 
Changes  in  the  hands  alone  could  scarcely  account  for  the  results  obtained 
by  them,  so  the  question  as  to  whether  vasodilation  can  occur  m  the 

hands  alone  is  ])crhaps  not  entirely  a  settled  one.  •  n  f 

In  contrast  to  the  extremities,  the  skin  of  the  head,  especially  the  fore¬ 
head,  is  very  unresponsive  to  heat  and  cold.  It  has  long  leen  no\Mi 
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in  the  cold,  there  is  less  fall  in  forehead  skin  temi)erature  than  in  the  tem¬ 
perature  of  other  areas.  Ilertzman  and  Roth,^^  using  the  photoelectric 
})lcthysinograph,  come  to  the  conclusion  that  there  are  no  vasoconstrictor 
impulses  to  the  vessels  of  the  forehead.  Since  blushing  can  occur  in  that 
area,  however,  there  must  be  a  constant  vasomotor  tone  which  can  be 
released  by  centrally  mediated  impulses.  Hertzman  presents  a  comparison 
of  the  flow  as  measured  with  his  device  in  different  areas  of  the  body 
surface.  These  results  appear  in  Table  7.  In  the  results  given  in  this 
table,  the  range  in  environmental  temperatures  is  not  so  great  as  one 
might  desire  for  the  purposes  of  estimating  regional  variations  in  response 
to  thermal  stimuli.  It  must  also  be  remembered,  in  considering  these  re¬ 
sults,  that  the  change  in  blood  flow  represented  by  one  filter  unit  may  ])e 
quite  large,  if  expressed  in  terms  of  the  results  obtained  with  the  mechani¬ 
cal  plethysmograph.  The  significance  of  a  filter  unit  is  discussed  pre¬ 
viously  (p.  241) .  Hertzman  and  Dillon-®  also  present  tracings  made  with 
their  plethysmograph  recording  simultaneously  from  the  finger  and  the 
forehead.  The  rhythmical  waves  of  constriction  so  characteristic  of  the 
vascular  bed  of  the  finger  are  absent  from  the  forehead.  Burton-^  has 
shown  that  the  frequency  of  these  waves  in  the  fingers  increases  in  the 
cold,  so  that  they  are  a  thermoregulatory  phenomenon. 

ARTERIOVENOUS  ANASTOMOSES  AND  THE  HYPEREMIA  OF  COLD 
The  finger  tips,  palms,  toes,  sole,  lobe  of  the  ear  and  parts  of  the  face 
leact  to  cold  in  a  different  manner  from  other  areas.  In  moderate  cold, 
with  the  body  warm,  these  areas  may  show  transitory  episodes  of  dila- 
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birds  it  would  appear  that  nature  uses  a  rapid  flow  of  blood  for  this 
purpose,  rather  than  resorting  to  heavy  insulation.  Unfortunately  for 
man,  the  reflex  described  by  Lewis  is  uncertain  in  occurrence,  and  seldom 
can  be  elicited  when  the  whole  body  is  cold.  Only  by  hard  exercise  can  a 
really  good  circulation  be  kept  going  in  the  fingers.  It  is  as  though  the 
body  risks  j)eripheral  frostbite  in  order  to  conserve  the  heat  of  vital 
central  organs. 

An  anatomical  peculiarity  of  the  small  vessels  of  the  finger  tips,  nail 
beds,  thenar  and  hypothenar  eminences  assists  the  flow  of  blood  when 
the  arterioles  are  dilated.  Small  short  circuits  between  the  arterioles  and 
the  venules  are  found  in  these  areas,  and  also  in  the  rabbit’s  ear  and  in 
the  feet  of  birds.  These  arteriovenous  anastomoses  serve  to  increase  the 
flow  of  blood  whenever  there  is  dilation  of  vessels,  whether  from  heat  or 
from  the  occasionally  occurring  hyperemia  of  cold.  According  to  Grant, 
these  little  vessels  are  subject  to  the  same  nervous  mechanisms  as  those 


Table  8.  The  Number  of  Arteriovenous  Anastomoses  in  Various  Areas  of  the  Hand 

(From  Grant  and  Bland.*^) 


.Area  of  Hand 

Number  of  Anastomoses 

Nail  bod 

Finger  tip 

Palm  of  phalanx 

3rd 

2nd 

1st 

Thenar  eminence 

Hypothenar  eminence 

501  per  sq.cm. 

230 

150 

20 

93 

113 

90 

whicli  control  the  arterioles.  They  have  an  average  siie  oi  ■  oou.  ^ 
microns.  Table  8  gives  the  average  number  m  the  various  parts  of 

hand. 

SKIN  temperature 

Heat  loss  by  radiation  and  convection  is  a  function  of  the  temperature 

with  which  Hardy  and  Soderstrom  er  „f  boilv 

of  heat  are  lost  by  the  nouevaporat.vc  "’"1“  skin  and 

■‘p^:nh:;:a!;d  hm  it'rsir^^^^^  "“r 

»  t-’liam,  ^insulc  ^c 

an  ordinary  room,  the  hgiiie  is  c  t,.,„,ier'iturc  is  then  sullicient  to 

liazett-).  A  knowleilgc  of  skin  *,  „„Hion  of  the 

permit  calculation  ot  iioiicvapoia  tmi,|n.,.aturc  in  ilifferciit  parts  of 

in  still  air.  Wiat  '-■-'•-^^^^rTlIcrc  has  been  a  great  ileal  of 
U,e  body  under  ‘  All  of  it  can' be  sliiiiiiiarizcd  by  the  statement 

work  on  this  point.  temperature  is  very  uniform  through- 

that  in  warm  environments  the  skin  i 
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out  its  extent.  When  observations  are  made  in  colder  conditions,  it  is 
found  that  tliere  is  a  decrement  in  temperature  from  the  central  portions 
of  the  body  to  the  peripheral  portions  of  the  extremities.  The  toes  and 
fingers  become  colder  than  other  parts  of  the  body,  and  the  forehead  is 
the  warmest.  The  lower  temperature  of  the  smaller  parts  is  the  result  of 
the  greater  surface  area  in  proportion  to  mass,  and  to  the  fact  that  when 
there  is  exposure  to  cool  air,  vasoconstriction  is  more  marked  in  the 
peripheral  parts.  Figure  41  gives  useful  data  on  the  skin  temperature  in 
various  circumstances.  Figure  42  shows  the  sites  chosen  by  Hardy  and 


Air  Temp.  ^C. 

Fig.  «.  Ski,,  rectal  tempemturea  of  aukject  li.  (krou,  ll„rdy  „„d 

'^Perspiratio^ifir 

all  of  the  heat  is  lost  by  evaporation  Vh^  temperature,  when 

eoiulitions  would  hardly  serve  a  useful  mirn  eirculation  of  blood  in  hot 
It  not  for  the  great  efiertiveness  of  evapo”tivrhe"  t 

with  temperature  regulation  are  called  eeerine  C  ""ZZi 
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type  of  sweat  gland,  known  as  the  apocrine,  which  secretes  odoriferous 
sweat,  and  in  the  lower  maminals  serves  the  purpose  of  sexual  attraction. 
In  man,  this  tyjic  serves  no  known  useful  purpose.  Apocrine  glands  are 
found  in  the  axillary,  maniinary  and  pubic  areas.  The  distribution  of 
the  eccrine  glands  is  given  in  Table  1).  Figures  from  three  authors,  Krause,*'*^ 
Kuno’^'  and  Randall, are  given  in  this  table.  Inspection  of  the  figures 
shows  that  there  is  a  great  difference  between  subjects  and  between  body 
areas.  Coinjiarison  with  the  amount  of  sweat  secreted  from  different  areas 


NUMBER 

AREA 

%  of  TOTAL  AREA 

1.  2 

HEAD 

7 

K,  15 

ARMS 

14 

13,  13  B 

HANDS 

5 

12,  12  B 

FEET 

7 

10,  II 

LEGS 

13 

7,  8,9 

THIGHS 

19 

3,4,5,6,16,17,18 

TRUNK 

35 

Fig.  H.  Sites  chosen  for  temperature  measurements.  (From  Hardy 


and  DuBois.^) 


f  Fiff  48)  shows  onlv  a  rough  correlation  between  sweat  output  aiul  mim- 
lir'ff  ghiuds  btd ‘sitice  the  two  sets  of  data  were  not  obtained  from 
identical  individuals,  no  sure  statement  on  this  point  can  be  made. 

T\  .  nituiit  of  sweat  (Fig.  48)  from  various  areas  was  measuud 

(p.  105) 

lazily  .W  body  aurface  l„t„  .be  fo.lowi„«  parts  aecoediny  .be  proraseoess  o. 


.  .  .  we  may  cl 
sweating: 


SUBJECT 


REGIONAL  HEAT  LOSS 


249 


M  — 

o:  o 
o  w 
o  s 


Fig.  43.  The  regional  relationship  of  sweating.  (From  Kuno.®9 
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(1)  The  forehead,  the  neck,  some  larger  areas  of  the  anterior  and  posterior  surfaces  of  the 
trunk,  tlie  lumbar  region,  the  dorsal  region  of  the  hand  and  the  adjacent  part  of  the  forearm 
are  the  parts  which  sweat  most.  (4)  'riie  cheek,  the  lateral  surface  of  the  trunk  and  the  greater 
part  of  the  extremities  sweat  remarkably  less  than  the  former.  (3)  The  internal  femoral 
region  and  the  axilla  sweat  still  less,  (t)  I’he  palm  and  the  sole  are  the  parts  which  sweat 
least.  As  to  the  sweating  on  the  extremities,  it  is  worthy  of  note  that,  on  an  average,  sweating 
on  the  upper  extremities  is  larger  than  that  on  the  lower  ones,  and  that,  in  the  former,  it 
evidently  increases  peripherally,  while  this  relationship  is  the  reverse  in  the  latter. 

At  first  glance,  it  seems  strange  that  the  perspiration  on  the  palms  and  soles  is  slight  under 
the  condition  which  induces  sweating,  while  it  is  considerable  during  insensible  perspiration. 
Yet  this  is  quite  natural,  as  the  sweat  glands  of  these  parts  have  the  si)ecial  property  of  not 
reacting  at  all  to  rise  of  surrounding  temperature.* 


Table  9.  The  Ni^mber  of  Sweat  Glands  in  Various  Parts  of  the  Body  per  sq.cm. 

.\CCORDING  TO  KrAVSE,®^  KuNO®^  AND  RaNDALL^ 


Randall — Subjects 

Body  Area 

Krause 

Kuno 

Ra 

Slo 

Cla 

She 

Eng 

114 

342 

212 

37 

122 

50 

14 

1 

7 

65 

20 

34 

9 

6 

148 

95 

175 

93 

184 

110 

38 

88 

0<) 

17 

28 

44 

oCapUltir  . . 

no 

195 

225 

125 

252 

180 

roreflrm,  exicusui  . . 

102 

170 

220 

140 

416 

Lpper  arm,  ovei  . 

13.5 

410 

260 

480 

3^20 

^249 

440 

146 

368 

264 

tliciiar  cuiiiicii^ V  . . .  . . 

52 

140 

63 

130 

1  lugn,  inLcriidi  . . 

98 

116 

85 

ijCgf  posterior  . . 

100 

anterior  . . 

84 

244 

- - 

- 

Kiino  also  says 

surface  of  the  thisli  may  l)e  ,  „„  |,e„d,  tlie  neck  and  the  trunk,  and 

(b)  The  faet  tliat  sweating  is  nio,st  afiun  termer  inrts  tlie  superficial  area  is  rela- 

lesl  on  the  extremities,  seems  also  purposive.  their  cavities. 

;l^':ice:s;  f"  WaMlmination  from  their  surfaces  must  he  greater  than  it  is 

‘"w  sweSh^t  - » ™ie  siigiit 

cutaneous  fat;  e.g.,  the  cheek,  tlie  greater  part  ^  ciiiircliill,  Ud.,  11)3.- 

•  Kiiiio,  Y.:  The  Physiology  of  Human  Perspiration.  f.oii<lon, 

t  Kuno,  Y.:  Op.  cit. 
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Hand  Calorimetry.  It  is  possible  to  measure  the  radiative  and  con¬ 
vective  heat  loss  from  the  hand,  and  to  collect  the  water  evaporated  trom 
it.  The  same  instrument  can  also  be  used  alternatively  as  a  plethysmo- 
graph.  In  this  way,  complete  data  on  the  temperature  regulating  mechan¬ 
isms  as  they  are  manifested  in  the  hand  can  be  obtained. 


Bazett^-*  was  the  first  to  measure  the  heat  loss  from  the  hand  in  an  air 
filled  calorimeter,  which  was  much  more  useful  a  device  thin  t’ 

earner  water  filled  apparatus  -  Bazett’s  calo;i„reter "s  Vd^ilue  d 

glass  vessel,  the  space  between  the  walls  being  evacuated  of  iir  ^ 
only  .0  per  cent  of  the  total  heat  loss  is  through  the  wadis. t„  .ueeu;™: 
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index  of  total  heat  loss  can  he  obtained  from  a  knowledge  of  total  volume 
of  circulated  air  and  its  ehange  in  temperature. 

A  more  practieal  and  theoretically  more  aeenrate  type  of  calorimeter 
is  that  of  Day  and  Hardy'*”  as  used  on  premature  infants.  In  the  modifica¬ 
tion  of  this  apparatus  as  used  by  Day^"  and  Forster,  Ferris  and  Day*^  at 
the  U.  S.  Army  Climatic  Research  Laboratory,  the  jirimary  purpose  of 
the  calorimeter  was  the  measurement  of  the  insulation  value  of  various 
types  of  gloves  and  mittens.  It  consists  of  a  double  walled  copper  con¬ 
tainer,  cylindrical  in  shape,  and  open  at  one  end.  The  outer  shell  is  elec¬ 
trically  insulated  from  the  inner,  and  is  separated  from  it  by  a  suitable 
space.  The  size  of  the  space,  its  contents  and  the  thickness  of  the  copper 
used  are  selected  with  the  following  factors  in  view.  Rapidity  of  response 
is  facilitated  by  thin  copper  walls,  a  narrow  space  between  them  and  a 
low  heat  eapacity  of  the  insulating  material.  Aecuracy  of  measurement  is 
increased  by  heavier  walls,  a  larger  ilistance  between  them,  and  good 
insulating  material.  Air  is  not  suitable  as  insulation  between  the  walls 
because  of  convection  currents  which  differ  at  different  heat  outputs.  For 
work  of  the  type  described  here,  in  which  observations  of  several  hours 
are  made,  a  space  of  about  %  inch  between  walls  is  suitable,  filled  with 
lightly  packed  cotton.  Copper  about  0.5  millimeter  thick  is  suitable  for 

the  walls. 

Figure  H  is  a  diagram  of  the  combined  calorimeter  and  plethysmo- 
graph  The  hand  support  consists  of  a  cage  of  plastic  mosquito  netting, 
separated  from  the  copper  walls  by  cork  stops.  The  wrist  seal  consists 
of  rubber  dam  flanged  out  over  the  wrist  and  glued  to  the  skin.  Ihe 
diaiihragm  jiortion  is  stiffened  and  insulated  by  a  backing  of  sponge 
rubber.  At  each  application  of  this  wrist  seal  diaphragm,  a  test  is  made 
by  raising  the  hands  above  the  horizontal  to  make  sure  that  the  veins 

can  emiity  without  delay.  .  ,  ,  ,  •  u  i 

The  calorimeter  operates  on  the  principle  that  the  heat  pa.ssmg  through 

the  walls  is  related  hy  a  eonstaiil  to  the  leli.,)eratlire  difterence  hetwetMi 
the  two  walls.  Another  traction  of  the  nonevaporative  heat  is  lost  to  he 
circulating  air,  which  enters  and  leaves  at  known  ten.peratnres,  and  he 
volume  of  which  is  measured.  Eva,,orative  heat  loss  is  deterininei  hy  the 
amount  of  water  ,,icke,l  ii,,  hy  the  cirenlating  air;  the  ^ 

after  leaving  the  chamher  it  passes  through  weighing  tubes  ot  silira  ge 

The  conslant  which  relates  the  heat  l--"8  1  ‘  ^ 

temperature  difference  is  determined  hy  cahhration 
of  heat  slihstitnting  for  the  hand,  and  with  the  air 

The  calorimeter  must  be  operated  under  conditions  o  temp^atuu 

the  w^alls  at  a  different  rate  fronm^vapmatio.^ 

The  over-all  accuracy  of  the  ca  inputs  of  from  0.9  to 

Climatic  Research  Laboratory  rejior  .  .  minus  8  per  cent 

4  kilogram  calories  per  hour,  niaximiim  ^  j  .gest  error  occurred  when 
occurred.  Half  hour  periods  were  used.  Ihe  hugest 
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the  heat  input  was  small.  The  calorimeter  described  liy  Forster,  Ferris 
and  Daj^^^  was  perhaps  slightly  more  accurate. 

Plethysmography  is  also  possible  with  the  instrument.  By  closing  the 
valves  that  govern  the  air  flow,  and  ojiening  one  that  connects  to  a  volume 
change  recorder  (a  float  or  bellows) ,  the  calorimeter  is  transformed  into 
a  plethysmograph.  Immediately  before  or  after  a  period  of  heat  loss 
measurement,  one  can  measure  the  blood  flow  through  the  hand. 

Skin  temperature  of  the  hand,  measured  by  a  group  of  suitably  jilaced 
thermocouples  fixed  to  the  skin  by  adhesive  tape,  complete  the  information 
needed  for  a  description  of  the  temperature  regulating  mechanisms  of 
the  hand. 

Results  Obtained  with  the  Hand  Calorimeter  and  Plethysmograph. 
Results  obtained  with  the  combination  hand  calorimeter  and  plethysmo¬ 
graph  appear  in  Table  10.  These  results  are  from  the  paper  of  Forster, 
Ferris  and  Day.^-*  The  three  subjects  were:  J.  M.,  male,  weight  150  lbs., 
height  5  ft.  5  in.,  hand  volume  400  ml.  and  hand  area  387  sq.  cm.;  J.  E., 
male,  weight  165  lbs.,  height  5  ft.  11  in.,  hand  volume  475  ml.  and  hand 
area  515  sq.  cm.;  and  E.  L.,  female,  weight  110  lbs.,  height  5  ft.  4  in., 
hand  volume  315  ml.,  and  hand  area  340  sq.  cm.  The  hand  areas  were 
found  by  means  of  the  application  and  subsecpient  measurement  of 
paraffined  gauze. 


Several  questions  can  be  answered  by  calculations  based  on  these  data. 
Is  the  rate  of  nonevaporative  heat  loss  })er  unit  area  of  skin  greater  in  the 
case  of  the  hand  than  for  the  body  as  a  whole.?  That  it  might  be  is  sug¬ 
gested  by  the  fact  that  the  insulation  value  of  any  substance,  including 
air,  IS  decreased  by  application  to  a  small  object  like  a  finger,  as  described 
later  (Chap.  11.  Sect.  G) .  On  the  other  hand,  the  inter-radiation  between 
fingers  and  between  fingers  and  hand  might  tend  to  so  reduce  the  effective 
s  -in  area,  as  the  term  is  used  by  Hardy  and  Soderstroni,^®  as  to  restore  the 
rate  of  heat  loss  of  the  hand  to  equality  with  other  skin  areas.  The  fact  is, 
ns  rate  of  heat  transfer  to  and  through  the  air  is  about  the  same  for  the 
hand  as  for  the  body  as  a  whole.  It  can  he  expressed  as  the  cooVmq  con- 
or  its  reciprocal,  the  brsulation  value.  The  insulation  value  of  the 
air  for  he  hand  can  he  ealciilated  from  the  data  given.  The  insulation 
xaliie  of  the  air  ma.v  he  defined  as  the  niimher  of  degrees  of  temperature 
hfferenee  between  the  skin  and  the  air  per  kilogram  calorie  of  heaflosl 
i.v  nonevaporative  routes  per  hour  per  square  meter  of  surface  \  value 
for  the  insiilation  of  the  air  of  0.17  is  obtained  from  the  data  on  the  tl,, 
^Ihjects  and  corresponds  to  a  cooling  constant  of  5.0  kg.  cal./hr.  m.=! 

O.lSs' In  both" cases,  emldiLm^fe"rtih^^^^^^^^  ^  "  T'’°'| 

Uie"edd\^:Z;^r';Tup  InZire-  ''ry'*"'''”'  '-f'-.  and  in  hoViret" 

rooms  in  whic  i  Ze  s uhieet  is  I’l  '™>'k  io  Inrge 

collection  eiirrents  is  ree  IP  of 

calculation  for  the  hand  the  <ht? Zr^  nor  1"  "'•''king  the 

•ion  between  the  heat  lo  a  t,i  tern 

1C  Lcmpeiatuie  difference  was  set  up  and 


Table  10.  Basic  Data  Obtained  with  the  Combination 


Relative 
Humidity 
of  Room 

bkin 

Pemperature 

Per  Cent 

"C. 

Subject  J.  M. 

40 

15.70 

42 

16.60 

57 

18.-20 

46 

17.80 

— 

19.40 

56 

-23 . 60 

54 

19 . 60 

62 

-20 .  -20 

50 

20 . 60 

52 

-20 . 80 

50 

27.70 

52 

-24 . 60 

5-2 

-26.10 

— 

3-2 . 80 

— 

31.60 

50 

34.40 

50 

32.90 

_ 

34 . 60 

60 

35.40 

— 

35.70 

56 

36 . 00 

56 

36.00 

50 

36.70 

44 

36.80 

64 

36 . 90 

Subject  J.  E. 

35 

16.00 

35 

16.00 

60 

20 . 80 

58 

-20.80 

52 

-23.40 

52 

26.30 

62 

28.90 

58 

31.20 

68 

GC 

68 

35 . 50 

62 

36.40 

72 

36.30 

60 

36 . 80 

62 

36.60 

Subject  K.  I>. 

15.60 

42 

47 

19.40 

53 

21.00 

58 

24 . 60 

(50 

32.50 

62 

35.30 

69 

36.00 

73 

36.50 

80 

37.20 

Calorimeter  Air  Temperature 


At  Inlet 


"C. 


10.  ao 

16.57 
18.05 
18 . 5-2 
19.70 
-20.80 
-20.80 
21 .00 
-21.50 
21  00 
21.80 
22.-20 
2-2 . 50 

25. 45 
25.30 
25.55 
25.55 
25.85 
29 . 95 
30.10 

34.40 

34.45 
36.15 

36.40 

37.40 


16.32 

16.50 

19.80 

19.95 

23,00 

23.60 

24 . 93 

25.10 

29.57 

29 . 76 

33 . 59 

33.70 

38.04 

38.08 


15.56 
19  40 
-20 . 80 
23.70 
25.30 
27.00 
31.45 
32.62 
38.20 


At  Outlet 


°C. 


15.75 

16.10 

18.-20 

18.50 
19.17 
21.66 
19.40 
21.00 
-20.75 
21.20 

23.50 
-22.70 
-22 . 95 

28.35 
-27.10 
-29.10 
28.30 
29.00 

31.70 
3-2.10 
34.60 

34.50 
36.10 

36.35 

36.70 


15.75 

16.0-2 

19.70 
-20 . 05 
23.05 
24.50 
26.22 
27.68 
31.84 
32.13 
34.23 
34.40 

36.71 
36  93 


Average 


°C. 


16.03 

16.34 

18.13 
18.51 
19.44 
-21-23 
19  90 
21.00 
21  16 
-21.40 
22.65 
2-2.45 
22.73 
-26.90 
26.-20 
27.33 
26.93 
27.43 
30.83 
31.10 
34.50 
34.48 

36.13 
36  38 
37.05 


16.04 
16.26 
19.75 
20.00 
23.03 
-24.05 
25.58 
-26.39 
30.71 
30 . 95 
33.91 
34.05 
37.38 
37  51 

15.34 
19.22 
20 . 55 
-23 . 63 
-25 . 40 
28.07 
32.01 
33  21 
38.03 


Room  Air 
Temperature 


°c. 


15.-20 

16.00 

17.-20 

17.90 
19.10 

19.90 
-20 . 15 
-20.30 
-21.-20 
21.-20 

21.40 
21.80 
-2-2.30 
25.00 
-25.10 
-25.10 
25.30 

25.30 
29.60 
-29 . 90 

34.30 
34.50 
36.00 

36.30 

37.40 


15.30 

15.40 
18.90 
19.60 
-22.80 
-23.40 
-24 . 40 
25.00 

29.40 
-29.60 
33.-20 

33.40 
38.00 
38.00 


15.60 

19.10 
21.-20 
-23.60 

25.20 
27.00 
31.40 

32.20 

37.10 


15.11 
19.02 
20 . 30 
-23 . 56 
25 . 50 
29.14 
32.56 
33.80 
37.85 
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Difference  be¬ 
tween  Room 
Air  and 
Average 
Temperature 
in  Calorimeter 


“C. 


0.8 
0.3 
0.9 
0.6 
0.3 
1.3 
0.3 
0.7 
0  0 
0.2 
1.3 
0.7 
0.4 
1.9 
1.1 
-2.2 
1.6 
2.1 
1.2 
0.9 
0.2 
0.0 
0.1 
0.1 
0.3 


0.8 

0.9 

0.9 

0.4 

0.2 

0.7 

1.2 

1.4 

1.3 

1.4 
0.7 
0.7 
0.6 
0.5 


0.3 
0.1 
0  6 
0  0 
0.2 
0.9 
0.6 
1.0 
0.9 


Hand  Calorimeter  and  Plethysmograph 


Air  Flow- 
Through 
Calorimeter 

Heat  Loss 
or  Gain 
Through 
Walls 

Heat  Loss 
to  or 

Gain  from 
Air 

Evapora¬ 
tive  Heat 
Loss 
from 
Hand 

Total 

Heat 

Loss 

from 

Hand 

Blood  Flow 
Through 
Hand 

Heat  Loss 
from  Blood 
Flowing 
Through 
Hand 

l./hr. 

kg.  cal./hr. 

kg.  cal./hr. 

kg.  cal./hr. 

kg.  cal./hr. 

cc./lOO  cc. 
Tissue/ 
min. 

gm.  cal/cc. 
of  Blood 
Without 
Regard  to 
Time 

563 

0.00 

-0.09 

0.57 

0.48 

0.75 

2.7 

712 

0.00 

-0.10 

0.42 

0.32 

0.40 

3.3 

380 

0.05 

0.02 

0.36 

0.43 

0.50 

4.0 

439 

0.00 

-0.07 

0 . 44 

0.37 

0.21 

7.4 

486 

0.04 

-0.07 

0.46 

0.43 

0.26 

7.5 

480 

0.33 

0.12 

0.69 

1.14 

1.00 

5.0 

491 

-0.06 

-0.13 

0.66 

0.47 

0.31 

6.4 

571 

0.00 

0.00 

0.77 

0.77 

0.35 

13.0 

526 

-0.07 

-0.11 

0.56 

0.38 

0.61 

2.6 

583 

0.04 

-0.08 

0.83 

0.79 

0.51 

6.5 

529 

0.70 

0.25 

0.87 

1.82 

2.50 

3.0 

758 

0.24 

0.11 

1.03 

1.38 

3.40 

1.7 

696 

0.29 

0.09 

0.66 

1.04 

1.60 

2.7 

842 

1.05 

0.52 

1.26 

2.83 

8.72 

1.4 

470 

0.82 

0.23 

2.21 

3.26 

9.48 

1.4 

570 

1.17 

0.56 

1.50 

3.23 

6.72 

2.0 

600 

0.93 

0.41 

1.92 

3.26 

5.85 

2.3 

555 

1.24 

0.49 

2.36 

4.09 

16.50 

1.0 

534 

0.79 

0.25 

1.09 

2.13 

11.30 

0.8 

820 

0.69 

0.44 

1.48 

2.61 

16.08 

0.7 

629 

0.21 

0.04 

1.39 

1.64 

10.85 

0.6 

633 

0.15 

0.01 

1.38 

1.54 

11.00 

0.6 

592 

0.08 

-0.01 

1.56 

1.63 

8.98 

0.6 

600 

0.14 

-0.01 

1.35 

1.48 

11.40 

0.6 

762 

-0.11 

-0.13 

2.21 

1.97 

12.10 

0.7 

664 

0.00 

-0.11 

0.46 

0.35 

0.15 

8  2 

581 

514 

486 

597 

584 

432 

630 

627 

448 

596 

664 

442 

482 

0.10 

0.12 

0.11 

0.00 

0.28 

0.55 

0.94 

0.85 

0.92 

0.39 

0.38 

-0.16 

-0.11 

-0.08 
-0.11 
0.14 
0.16 
0.15 
0.15 
0.44 
0.38 
0.29 
0.10 
0.23 
-0.15 
-0  15 

0.62 

0.70 

0.64 

1.04 

0.69 

1.67 

1.62 

2.42 

3.54 

1.34 

2.41 

3.83 

4.28 

0.64 

0.71 

0.89 

1.20 

1.12 

2.37 

3 . 00 

3.65 

4.75 

1.83 

3.02 

3.52 

4.02 

0.44 

0.65 

0.57 

0.72 

0.77 

6.40 

6.75 

8.27 

21 . 70 

23 . 60 
13.20 
23.40 

31.70 

5.1 

3.9 

5.5 

5.8 

5.3 

1.3 

1.6 

1.6 

0.8 

0.3 

0.8 

0.5 

0.4 

808 

665 

652 

668 

562 

662 

702 

594 

544 

0.06 

0.09 

0.05 

0.12 

0.78 

0.78 

0.45 

0.57 

0.09 

-0.11 

-0.07 

-0.10 

-0.03 

0.03 

0.44 

0.22 

0.20 

-0.07 

0.25 

0.25 

0.34 

0.28 

0.42 

0.98 

0.94 

1.25 

1.80 

0.20 

0.27 

0.29 

0.37 

1.23 

2 . 20 

1.61 

2.02 

1.82 

0 . 22 
0.47 
0.48 

1 . 00 

6.20 

15.70 

16.30 
21.00 

28.30 

4.8 

3.0 

3.2 

1.9 

1.0 

0.7 

0.5 

0.5 

0.3 
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the  slope  of  the  line  of  best  fit  as  (letenniiied  by  the  method  of  least 
squares  was  used. 

How  does  the  sweating  mechanism  of  the  hand  compare  with  that  of 
the  body  as  a  whole?  In  Figure  4.'),  from  Hardy  and  Soderstromd*  one 
can  see  that  in  the  case  of  the  unclothed  man  there  is  an  almost  imper- 


Average  surfoce  oreo  of  the  two  subjects  —  1.85  sq. meters 


.iLniit  SO®  C  whcreiiiton  sweating 
ceptiblc  rise  in  warmer  loonis  up  <  at  air  temperatures  of 

starts  to  increase  rapidly.  1  nor  ^  iacretasc  as  evidenced  by  the 

27  to  28°  C.,  the  circulation  has  b  g 

rise  in  thermal  conductivity  of  rise  in  sweating  (Fig- 

exTieriments,  in  which  the  subject  ^  begins  at  the  lower 

40)  and  in  blood  flow,  directly  measured,  (Fig.  47)  g 
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E  n  V  Iro  n  m  e  n  t  0 1  Temp  °C. 

Fig.  46.  Heat  loss  from  the  hand  by  evaporation.  (From  Forster,  Ferris  and  Day.^^) 
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temperature  of  21  to  22°  C.,  a  natural  result  of  the  clothing.  However, 
clothing  could  scarcely  account  for  the  fact  that  both  How  of  blood  and 
increased  evaporation  seem  to  begin  at  about  tlie  same  temperature.  It 
is  also  seen  that  the  amount  of  sweat  jicr  square  meter  of  surface  is  greater 
for  the  hand  than  for  the  body,  at  all  temperatures.  It  is  unfortunate  that 
precisely  comparable  data  are  not  available. 

What  is  the  relation  of  blood  How  to  heat  loss?  This  question  can  be 
answered  accurately  from  the  data.  The  number  of  small  calories  lost  for 
every  cubic  centimeter  of  blood  jiassing  through  the  hand  is  given  in  the 
last  column  of  the  tables,  and  these  values  are  |)lotted  against  air  temjiera- 
ture  in  Figure  48.  Since  the  specific  heat  of  blood  is  0.9,  it  appears  that 


Fig.  48.  The  heat  lost  per  cc.  ot  biooa  now  ui  ^ 

°  torster,  terns  and  I'ay.  ) 

the  amount  ot  cooling  of  blood  as  It 

.armair  temperatmes  t  ^  3 

much  delivery  of  heat.  In  S7°  C  and  the  skin  tein- 

degrees.  Since  the  rectal  that  the  arterial  blood 

perature  in  the  cold  around  bi.o  ■,  venous  return  is  much 

Ltering  the  hand  is  precoole,  a  good  d  a,  or  the  ven^^  ^ 

warmer  than  the  skin  tcmpcia  nr  ,  ,  ,  •1''^  ]  [,,e  arterial  blood 

shown  that  the  venae  eonutes  m  all  prol  ability 

considerably,  prior  to  arrival  at  |  be  lost  through  the 


259 


REGIONAL  HEAT  LOSS 

loss?  So  far  as  nonevaporative  loss  is  concerned,  they  are  no  more  useful 
in  this  respect  than  any  other  portion  of  skin  of  the  same  area.  In  the 
three  subjects  whose  data  are  given  here,  the  hands  together  occupied 
4.8  per  cent  of  the  total  body  surface.  There  may  be  slightly  more  evap¬ 
orative  loss  from  the  hands  than  elsewhere.  In  the  case  of  J.  jVI.,  the  largest 
total  loss  from  one  hand  was  4.09  kg.  cal.  per  hour.  His  surface  area  was 
1.73  square  meters.  Assuming  a  heat  production  of  50  kg.  cal.  per  sq.  m., 
the  total  fraction  of  produced  heat  lost  by  both  hands  would  be  9.7  per 
cent.  The  figure  for  E.  L.  is  5.9  per  cent  and  for  J.  E.,  9.8  per  cent.  Under 
conditions  where  evaporation  is  the  main  avenue  of  heat  loss,  the  hands 
can  therefore  be  seen  to  lose  up  to  twice  as  much  heat  per  unit  of  surface 
as  the  body  as  a  whole,  chiefly  as  a  result  of  evaporation.  It  must  be 
remembered  that  the  hands  account  for  only  about  5  per  cent  of  the 
total  body  surface. 

If  the  body  is  heavily  clothed,  and  kept  warm  by  exercise  so  that  the 
circulation  in  the  hands  is  vigorous  despite  a  very  cold  environment,  the 
heat  loss  from  bare  hands  is  very  large.  It  is  possible  for  individuals  who 
are  exercising  in  the  Arctic  to  help  prevent  overheating  by  thus  exposing 
the  hands  or  other  parts  without  the  awkward  necessity  of  removing  a 
garment. 


HEAT  LOSS  FROM  THE  LUNGS 

The  total  heat  lost  to  respired  air  has  never  been  measured  accurately. 
One  can,  however,  arrive  at  what  is  probably  a  fair  approximation  by 
calculation.  It  is  probable  that  expired  air  is  saturated  with  water  vapor 

Table  11.  Heat  Lost  from  the  Lungs  at  Various  Air  Temperatures* 


Heat  Lost  to  Air 
kg.  cal. 

Heat  Lost  Through 
Vaporization 
kg.  cal. 

0.00 

7.77 

2.87 

12  27 

6.16 

14.78 

9.25 

15.40 

12.58 

15.43 

14.23 

15.43 

Air  Temperature 
°C. 


37.5 


20.0 


0.0 


-20.0 


-10.0 


-50.0 


Total  Heat  Lost 
kg.  cal. 


7.77 


15.14 


20.94 


24.65 


28.01 


29  66 


is  50  per  cent,  and  the  res,^X;^aroOo"i“rr1i:;‘: 

“su’:pr„  e,; 

calculate  the  heat  lost  by  this  route  eo.isists  ort it 

the  heat  capacity  of  air  at  the  tV  consists  of  the  physical  constants  for 

inspired  and  expUdair  an^the ‘■"'‘'“7"  ‘'““'Cities  of  the 
pirea  air,  and  the  total  respiratory  volume.  Table  11  sup- 
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plies  the  values  obtained  by  such  a  calculation  in  the  case  of  an  individual 
who  is  resj)iring  at  a  rate  of  (iOO  liters  an  hour.  It  is  assumed  that  the 
relative  humidity  of  the  air  is  50  j)er  cent. 

At  comfortable  temperatures  it  is  apparent  that  there  is  considerable 
loss  of  heat  via  the  lungs.  In  arctic  conditions,  the  fraction  lost  in  this 
way  becomes  of  greater  significance,  even  in  the  case  of  someone  at  rest, 
and  when  the  respiration  is  increased  by  exercise,  of  course,  it  should  be 
even  greater. 
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CHAPTER  8 


THE  RANGE  OF  PHYSIOLOGICAL  RESPONSE 
TO  CLIMATIC  HEAT  AND  COLD 


L.  P.  Herrington 

The  human  body  is  constantly  measuring  the  temperature  of  the  en¬ 
vironment  in  which  it  lives.  In  exhibiting  this  sensitivity  the  organism 
acts  in  a  manner  quite  different  from  the  usual  temperature  measuring 
devices.  When  a  thermometer  is  used  to  record  a  temperature,  it  takes 
on  passively  the  temperature  of  the  new  environment.  In  assuming  this 
new  temperature  a  volume  change  occurs  in  a  sensitive  fluid.  Ihis  passive 
reaction  is  analogous  to  electrical  measurements  made  by  deflection  prin- 
cii)les.  The  physiological  response  to  environmental  temperature  change 
is  rather  different.  A  new  environmental  temperature  may  produce 
changes  in  total  heat  production,  in  skin  temi)eratnre,  in  heart  rate,  in 
sweat  secretion,  or  in  the  heat  insulation  value  of  the  peripheral  tissue, 
but  these  effects  are  functionally  designed  to  minimize  or  to  prevent  com¬ 
pletely  anv  change  in  deep  body  temperature.  This  process  reminds  one 
of  the  procedure  in  electrical  measurement  which  determines  the  force 
required  to  oppose  and  prevent  a  deflection  in  a  measuring  element;  this 
is  frequentlv  designated  as  the  null  method  of  measurement.  This  contrast 
in  iihvsicaland  biological  reaction  to  temperature  is  understandable  smee 
the  primary  function  of  physiological  sensitivity  to  " 

to  b^the  maintenance  of  a  constant  deep  body  temperature.  Quahficat  ons 
of  th  s  stT'ement  include  recognition  of  the  fact  that  the  desired  deep 
ho,lv  temperature  may  vary  witl,  activity,  ami 

not'alwa.vs  completely  successful.  Other  ‘J  V tirof 

detailed  consideration  to  the  mechanisms  «  ii  '  j  ,  difference 

temoeratiire  regiilat  on.  Our  concern  with  this  thermomeii  c 

eTwee”  ihe  hiiLn  body  and  usual  physical  ^ 

Any  consideration  of  the  range  "  ™ 

and  cold  is  largely  a  cataloguing  o  le  ,  |  |  ,.ecojd  the  degree 

deviation  of  body  temperature  from  an  optimal  losci  or  leco 

of  failure  in  achieving  this  end.  ,„.„cesses  is  practical  as  well 

"“TSc  \n  cTTanV  uXsUial  life  hilmau  beings  are  exposed  to 

various  thermal  stresses  to  ,  .  i,/anilon  is  likelv  to  be  concealed, 
cess.  The  Pl^vsiological  cost  of  th.s^ad^ 

r:?'x;;^ra  iec;;^^:^  value  m  .1 
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adaptations.  It  seems  probable  that  the 

fremientlv  required  of  human  workers  constitute  a  dys  yg 

^rT  emlLLmble  proportions.  If  the  realization  of  a  scale  o  lierina 

stress  is  eventually  achieved,  a  basic  item  m  its  development  ^.11  be  the 

recoeiiition  of  the  relative  location  of  minima,  optima  and 

those  physiological  processes  which  oppose  alteration  of  deep  body  tem- 

peratures. 

EXTREME  LIMITS  OF  BODY  TEMPERATURE 

Common  experience  with  the  stability  of  deep  body  temperature  prob¬ 
ably  delayed  the  physiologic  exploration  of  hypothermia  which  began 
with  vigor  in  the  late  thirties.  INIedical  experience  with  exposure  cases  had 
been  rather  more  extensive  than  laboratory  studies  dealing  with  the  be¬ 
havior  of  physiological  mechanisms  under  critical  temperature  exposure; 
this  was  true  despite  a  long-standing  laboratory  interest  m  the  metabolic 
and  circulatory  responses  to  severe  but  “tolerable  exposures  both  m 

humans  and  in  various  animals.  •  •  i 

Two  lines  of  interest  served  to  direct  experimental  attention  to  critical 
exposure  just  prior  to  the  war.  One  of  these  derived  its  impetus  from  the 
recognition  of  a  statistical  association  between  the  temperature  topog¬ 
raphy  of  the  body  and  the  frequency  of  malignancies  in  various  body 
locations.  In  general,  regions  with  lower  temperatures  appeared  less 
susceptible.  This  observation,  in  itself,  would  not  have  provoked  serious 
investigation.  The  deleterious  effect,  however,  of  temperatures  below 
35°  C.  on  certain  embryonal  cells,  and  the  recognized  effect  of  lower  tem¬ 
peratures  in  disorganizing  the  normal  development  of  such  tissues  as  the 
incubating  chick  egg,  reinforced  interest.  As  a  result  a  relatively  large 
number  of  experiments  were  rapidly  accumulated  in  which  general  body 
temperatures  were  lowered  by  as  much  as  14°  C.  for  extended  pe¬ 
riods.^’  ^  This  experience  with  hypothermia  was  widened  further  by  an 
increasing  interest  in  the  use  of  cold  anesthesia  for  surgical  procedures  in 
the  extremities.®’ 

Perhaps  the  most  valuable  permanent  result  of  these  adventures  in 
cold  therapy  was  physiological  rather  than  clinical.  While  local  cold  anes¬ 
thesia  is  regarded  as  a  successful  procedure^-  despite  retardation 

effects  on  wound  healing,’^^-  the  results  were  not  encouraging  in  the 
treatment  of  malignancies.  However,  a  large  number  of  investigators 
whose  interests  were  primarily  physiological  were  influenced  by  these 
studies  and  many  investigators  were  probably  surprised  to  learn  how 
wide  a  range  in  suluiormal  temperatures  may  be  tolerated,  with  a  per¬ 
sisting  physiologic  integration  of  functions  other  than  temperature  regu¬ 
lation.  This  finding  is  particularly  striking  when  contrasted  with  the 
apparently  shorter  tolerable  range  of  supernormal  tissue  temperatures. 
Temperature  is  naturally  not  a  new  factor  in  homeotherm  physiology  but 
It  has  been  regarded  as  a  stable  one  for  so  long  that  these  investigations 
were  of  value  in  demonstrating  the  substantial  range  over  which  survival 
IS  possible.  The  practical  effect  of  cold  exposure  on  the  efficient  integration 
of  activity  IS  of  considerable  interest.  One  may  record  here  some  of  the 
emperature  landmarks  which  one  investigator  has  noted^  as  body  tem- 
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perature  is  lowered  by  artificial  means.  A  really  complete  behavior  i)icture 
covering  this  range  wonhl  be  of  great  interest,  jiarticnlarly  in  the  region 
from  37  to  34°  C.,  within  which  the  individual  can  maintain  posture  and 
the  appearance  of  psychological  contact  with  the  environment. 


Deep  Hotly  Feinperature, 

(’oiidition  of  Subjec  t 

37 . 

Normal 

31. . 

33 . 

cerebration 

Retrograde  .imiiesia 

No  response  to  spoken  word 

Abolition  of  deep  tendon,  abdominal,  and  gag 
reflexes  and  jtupilljiry  response  to  light 

4()  5 . 

'id  5 . 

It  is  not  possible  from  the  data  of  the  studies  mentioned  above  to  draw 
a  reliable  conclusion  as  to  the  lower  limit  of  deep  body  temperature 
beyond  which  recovery  is  impossible.  Many  studies  suggest  that  in  the 
lower  range  25°  (\  is  near  this  limit.  This  supiiosition  is  confirmed  by  the 
reports  of  the  (ierman  concentration  camp  experiments  which  occurred 
during  the  war.  As  is  generally  known  from  the  publicity  given  these 
records,  a  substantial  number  of  human  beings  were  given  fatal  cold 
exposures  in  the  Dachau  concentration  camp.  These  experiments  were 
tests  of  the  relative  efficiency^'’  of  various  methods  of  treating  exiiosiire 
cases  exhibiting  a  low  body  temperature.  In  addition  to  demonstrating 
the  advantage  of  rapid  re-warming  in  baths  up  to  50°  C.  in  temperature, 
the  reports  included  a  record  of  seven  deaths  induced  by  experimental 
immersion.  The  average  results  are  given  below: 


Water 

d'emperature 

°C. 

d'ime  of 
Immersion 

'Fime  at  Death 

Rectal  'Fempera- 
ture  on  Removal 
from  Hatli,  °(’. 

Rectal  d'empera- 
at  Death 

4  0 

07  min. 

73  min. 

'■2H .  0 

°20  8 

The  lowest  rectal  temperature  at  death  was  25.0°  C.  and  the  highest, 
20.2°  C.  When  these  values  are  considered  in  relation  to  the  more  civilized 
cxjieriences  in  clinical  hypothermia,  it  appears  that  2.)  C. 
matelv  the  lower  limit  of  rectal  temperature  compatible  with  life.  Uln  c 
the  average  value  in  the  Dachau  data  is  higher  than  this,  it  is  reasonable 
to  suppose  that  even  selected  prison  iicrsonnel  were  not  in  the  peak  ot 
phvsical  condition.  Furthermore,  there  are  a  number  of  reports  m  the 
American  literature  indicating  survival  from  rectid  temperatures  some¬ 
what  below  25°  C.  A  distinction  must  be  made,  however,  lictwecn  tlie 
rectal  temperature  at  the  death  iioint  and  the  mean  body  temperature 
]{ccor<ls  of  skin  temperature  indicated  that  on  nnn.ers.on  m  eo  d  watu 
at  4.8°  C.,  with  lieavy  clothing,  the  skin  temperature  is  relativci.e  stable 
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at  a  value  of  about  18°  in  the  period  from  twenty  to  sixty  minutes. 
Nude  subjects  immersed  in  water  at  5.5°  C.  reached  a  skin  temperature 
of  12°  C.  in  twenty  minutes,  with  further  cooling  to  a  value  between  10.5 
and  11°  C.  at  sixty  minutes.  These  values  for  skin  temperature  appear 
high  for  both  the  clothed  and  nude  subjects  in  comparison  with  the  results 
in  animal  studies, although  it  is  difficult  to  see  how  the  measurement 
could  be  in  error  on  the  high  side  in  a  water  bath.  Readings  below  the 
true  temperature  at  the  skin-liquid  interface  may  easily  occur,  due  to 
technical  fault.  Unless  a  thermocouple  is  heavily  insulated,  however,  its 
reading  is  more  likely  to  be  incorrectly  weighted  with  an  effect  due  to 
water  temperature.  A  heat  production  of  the  order  of  500  to  600  kg.  cal  ./hr. 
in  combination  with  heavy  adhesive  over  the  skin  thermocouples  could 
conceivably  explain  these  higher  skin  temperatures. 

It  is  significant  that  heavy  clothing  apparently  makes  a  difference  of 
about  7°  C.  in  the  recorded  temperature.  In  a  well-stirred  water  bath,  the 
skin  of  the  nude  subject  is  usually  only  a  few  tenths  of  a  degree  centigrade 
above  bath  temperature.  Without  exact  information  on  heat  production 
and  the  technic  of  thermocouple  application,  it  seems  hazardous  to  assume 
that  these  skin  temperatures  are  representative.  In  the  fatal  experiments 
mentioned  death  occurred,  on  the  average,  six  minutes  after  removal  from 
the  cold  bath  at  an  average  rectal  temperature  of  26.8°  C.  No  records  of 
skin  temperature  at  death  were  reported.  In  the  six  minutes  intervening 
between  bath  removal  and  fatal  termination,  the  rectal  temperature 
dropped  1.4°  C.  A  similar  course  of  events  ha§  been  frequently  observed 
in  sea  rescue  work.  A  man  is  removed  from  the  water  with  a  lowered  rectal 
temperature.  After  being  dried  and  placed  in  a  warm  environment,  a 
further  substantial  fall  in  rectal  temperature  occurs  which  may  terminate 
fatally,  despite  the  greatlj’  decreased  heat  loss  of  the  body  in  an  over-all 
sense. 


^  It  would  be  of  considerable  value  to  know  the  steady  state  rectal  and 
skin  temperatures  for  human  immersion  in  cold  water  at  various  tempera¬ 
tures.  The  drastic  Dachau  experiments  give  uncertain  evidence  on  skin 
temperatures.  We  may  conclude,  however,  that  the  peripheral  regions  had 
reached  an  approximate  base  line  in  temperature,  that  is,  a  level  tem¬ 
perature  record,  although  the  absolute  value  of  this  level  is  open  to  ques¬ 
tion.  Under  these  circumstances  the  postexposure  fall  in  rectal  temperature 
IS  to  be  attributed  to  an  equilibration  of  peripheral  and  deep  body  tem¬ 
peratures  occasioned  by  release  of  the  circulation  into  the  pre^douslv 
constricted  periphery  following  removal  from  the  cold  bath. 

Contrary  to  what  might  have  been  expected,  most  of  the  rectal  cooling 
curves  in  the  Dachau  data  show  an  essentially  constant  slope  or  rate  of 
all  throughout.  In  some  instances  the  record  is  sufficiently  long  to  show 
tl  at  an  apparent  point  of  equilibrium  is  reached  rather  abruptly.  In  the 
cooling  of  a  cylinder  or  other  inanimate  object  we  e.xpect  to  see  a  period 

Th^abse^ce'ort'iit  I  ‘"f  “■'"‘"i  f  to  equilibrium. 

1  lie  absence  of  this  character  in  either  the  skin  or  the  rectal  curves  on 

drastic  immersion  cooling  is  surprising.  Such  a  finding  must  reflect  un 

measured  compensating  changes  in  heat  production  atd  effLuve  tls2 
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resistance  during  the  cooling  process  which  do  not  occur  in  the  cooling 
of  an  object  of  constant  conductance  and  constant  heat  input. 

In  Older  to  establish  reasonable  limits  for  the  range  of  human  tolerance* 
for  deviations  from  normal  body  temperature  we  require  data  for  hyper- 
theimic  conditions  comparable  to  the  cold  exposure  experience  discussed 
above.  It  is  not  surprising  that  the  literature  affords  no  data  on  experi¬ 
mental  pyrexia  comparable  to  the  Dachau  experiments.  Our  information 
must  be  drawn  largely  from  the  experience  with  heat  therapy  and  acute 
heat  stroke.  In  therapeutic  procedures  body  temperature  is  frequently 
elevated  to  41°  C.  for  periods  of  several  hours."^^  In  severe  exercise  levels 
of  this  order  are  also  reached.  It  is  probable  that  the  total  physiological 
integration  during  exercise  includes  an  adaptive  rise  in  body  temperature"^ 
quite  independent  of  any  rise  which  may  occur  due  to  stress  on  the  heat 
loss  mechanism.  No  circumstances  have  been  noted  in  which  deep  body 
temperature  is  reduced  below  the  normal  value  to  accommodate  specific 
performance.  The  only  exception  to  this  conclusion  lies  in  the  incomplete 
adjustment  of  body  temperature  to  moderate  cold  exposure  in  the  unac¬ 
climatized  individual.  In  the  acute  term  of  such  exposure  body  tempera¬ 
ture  is  permitted  to  fall  slightly  despite  the  existence  of  potential  ability 
to  restore  the  neutral  temperature.  Presumably  this  occurs  in  order  to 
provide  a  stimulus  for  long  term  mechanisms  which  eventually  accom¬ 
plish  the  adjustment  through  changes  in  insulation  and  alterations  of 
cutaneous  thresholds  to  thermal  stimulation. 

The  processes  involved  in  surviving  extreme  heat  and  cold  are  funda¬ 
mentally  distinguished  in  a  number  of  other  ways.  Men  may  lose  their 
lives  by  acute  exposure  to  either  heat  or  cold,  but  if  we  are  interested  in 
a  formal  contrast  of  the  manner  in  which  the  limit  is  approached  in  each 
case,  we  note  these  differences.  Death  from  a  depressed  body  tenqierature, 
independent  of  starvation,  is  a  relatively  acute  process.  Heat  death  may 
be  acute,  but  it  also  occurs  as  a  culmination  of  a  relatively  extended 
process  measured  in  weeks  or  months.  Consequently,  the  hazards  of  a 
given  degree  of  body  temperature  elevation  are  dependent  in  a  greater 
degree  upon  the  recent  exposure  than  appears  to  be  the  case  with  severe 
cold  exposure.  Heat  exhaustion  with  fatal  termination  following  long 
periods  of  heat  stress  appears  to  involve  a  progressive  deterioration  of 
temperature  regulation  which  docs  not  seem  to  be  a  conspicuous  feature 
of  cold  exposure  fatalities.  The  above  circumstance  is  mentioned  since 
an  inspection  of  the  recent  literature  on  heat  deaths^^-ai  makes  it  clear 
that  a  statistical  average  of  terminal  body  temperatures  is  probably  not 
so  acceptable  an  indication  of  the  physiological  limit  as  is  comparable 
data  from  cold  exposure.  Technical  errors  in  temperature  measurements 
due  to  elevated  air  temperatures  or  adjacent  cold  packs  arc  no  doubt, 
t>resent  in  some  emergency  situations;  however,  the  primary  ‘ 

alisence  in  mortality  reports  of  the  careful  .hstmyion 
associated  with  prostration  and  exhaustion  and  the  more  di.imatic  hji 


The  exceedingly  difficult  problem  c 
exposure  has  been  reviewed  by  E.  b.  Adolp  i. 
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It  is  certain  that  the  recovery  limit  in  terms  of  rectal  temperature  lies 
above  42.2°  and  probably  near  43.5°  as  an  extreme  value.  Such 
a  conclusion  does  not  take  note  of  individual  variation  and  is  deficient  in 
other  respects.  It  is  a  sufficient  basis,  however,  for  the  use  ot  43  C.  as 
representative  of  the  approximate  upper  limit  of  body  temperature.  _ 
We  are  now  in  a  position  to  present  a  short  table  indicating  the  approxi¬ 
mate  thermal  range  within  which  human  survival  occurs,  and  some  of 
the  associated  thermal  characteristics.  In  relating  these  limits  we  have 
not  overlooked  the  fact  that  in  singular  instances  recovery  has  occurred 
from  rectal  temperatures  as  high  as  43.5°  C.  and  as  low  as  18° 

The  material  of  Table  12  indicates  quite  clearly  that  the  normal  range 
of  human  temperature  regulation  is  very  much  closer  to  the  upper  than 
to  the  lower  limit  of  tolerable  temperatures.  In  terms  of  heat  production 


Table  Thermal  Characteristics  Within  the  Approximate  Thermal  Range  of 

Human  Survival 


Representative 
Rectal  Temperature 
in  Lower  Range 
of  Survival 

25°  C. 

Average  24  hour 
Rectal  Temperature 

37°  C.* 

Representative 
Rectal  Temperature 
in  Upper  Range 
of  Survival 

43°  C. 

Calculated  Average  Body 
T  emperature — B  urt  on 
formula  (Tr.65  -b 
T8.35) . 

21.9 

35.6 

42.0 

Total  heat  content  above 
0°  C.  (70  kg.)  kg.  cal.. 

1272 

2068 

2440 

Difference  from  heat  con¬ 
tent  at  37°  C.  Tr  (av¬ 
erage  35.6) . 

-  796 

0 

-f  372 

Ratio  of  above  difference 
to  basal  heat  production 
at  37°  C . 

11.4 

1 

5.3 

Day  values  usually  exceed  37  C.,  but  the  twenty-four  hour  average  is  very  near  37°  C. 


it  appears  that  the  human  being  survives  a  total  heat  loss  of  more  than 
twice^the  tolerable  heat  gain.  In  terms  of  rectal  temperature  a  deviation 
of  12  C.  is  tolerated  on  the  cold  side  in  comparison  with  6°  C.  on  the 
hot  side.  The  total  range  of  variation  in  heat  content  is  at  least  1170 
calories,  equivalent  to  seventeen  times  the  normal  hourly  heat  production. 
Merely  as  an  organismic  specification,  it  is  interesting  to  note  that  the 
total  heat  loss  tolerated  is  about  equal  to  the  total  energy  consumption 
m  the  heayie.st  work  that  may  be  performed  for  the  same  period  one 
hour,  in  which  this  fatal  cooling  occurred.  This  contrast  is  mentioned 
because  It  c  raws  attention  to  the  fact  that  the  apparent  quantitative 
m  eriority  of  heat  adjustment  is  not  so  striking  in  a  dynamic  sense.  Where 
Die  heat  stress  is  produced  voluntarily  and  is  not  primarily  environmental 
m  01  igin  mechanisms  of  heat  dissipation  handle  a  heat  load  of  the  same 
order  as  that  imposed  by  the  severest  tolerable  cold  exposure. 
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THE  RANGE  OF  PULSE  ACCELERATION  AND 
CARDIAC  OUTPUT  UNDER  THERMAL  STRESS 

In  reaction  to  moderate  cold  exposure,  changes  in  pulse  and  cardiac 
output  appear  to  he  chiefly  those  resulting  from  an  increased  metabolism 
(shiveiing  or  voluntary  exercise),  a  constricted  peri[)heral  vascular  field, 
and  the  less  immediate  adjustments  in  circulation  volume.  On  more 
severe  exposure  heart  failure  is  apparently  the  cause  of  death^“  and  is 
attributed  to  direct  cold  injury  of  the  heart  and  its  functional  exhaustion 
due  to  great  increases  in  blood  viscosity.  On  sudden  immersion  in  cold 
water  (4  to  5°  C.)  the  heart  rate  is  accelerated  to  120  to  140  per  minute. 
1  his  acceleration  occurs  even  in  anesthetized  subjects.  As  the  body  cools 
this  rate  is  rapidly  reduced.  At  rectal  temperatures  near  .S4°  C.  a  brady¬ 
cardia  usually  develo])s  with  a  rate  of  approximately  50.  Heart  action 
remains  normal  in  character  until  rectal  temperatures  near  30  to  31°  C. 
are  recorded.  At  this  level  a  phase  of  total  irregularity  associated  with 
atrial  fibrillation  is  a])t  to  appear  suddenly.  This  is  the  terminal  jdiase 
unless  resuscitative  measures  are  undertaken. 

In  contradistinction  to  this  relatively  ineffective  j)articipation  of  the 
circulation  in  defense  against  severe  cold,  is  its  immediate  and  highly 
effective  role  in  adaptation  to  heat  stress.  In  a  human  being,  either  at 
rest  or  exercising,  the  full  heat  regulatory  advantages  of  vasodilation 
(maximal  values  for  heat  conductance  between  skin  and  dee{)  body  tem¬ 
perature)  cannot  be  realized  without  increased  heart  rate  and  an  associ¬ 
ated  increased  cardiac  output.  One  important  method  of  evaluating  the 
])ossible  range  of  response  to  thermal  stress  is  in  terms  of  the  limits  of 
such  compensation  and  the  tolerable  increments  in  skin  and  rectal  tem- 
j)erature.  Grollman^^  has  observed  the  variation  of  cardiac  function  in  the 
resting  subject  between  the  environmental  limits  of  0°  C.  and  45°  C.  The 
subject  was  normally  clothed,  and  humidities  were  low.  Moderate  air 
movement  existed.  Others*^"’’ 3*'’- report  a  considerable  body 


of  data  relating  pulse  acceleration  and  thermal  stress.  In  the  resting  sub¬ 
ject  between  0°  C.  and  45°  there  is  no  appreciable  increment  in 
cardiac  output  until  air  temperatures  above  20°  C.  are  reached.  Between 
this  point  and  45°  C.  there  is  an  increase  from  4.2  to  5.5  liters  per  minute 
a.ssociated  with  a  pulse  acceleration  of  a])proximatcly  25  and  a  relatively 
constant  systolic  output  of  70  cc.  One  asks  whether  or  not,  under  exercise 
conditions,  a  change  of  environment  from  cool  to  hot  will  elevate  cardiac 
out|)Ut  by  an  amount  proiiortional  to  the  work  level  and  total  metabolism, 
or  is  the  increase  at  rest  and  in  exercise  a  constant  amount. 

DilB-  has  made  such  a  comparison  and  the  conclusion  to  be  reached  on 
the  basis  of  his  observations  definitely  requires  one  to  assume  that  the 
increment  in  cardiac  outimt  in  heat,  where  equal  work  is  performed  under 
both  hot  and  cold  conditions,  is  quantitatively  similar  to  that  observee 
for  the  same  environmental  change  in  a  resting  subject.  Five  subjects 
exercising  at  an  average  work  rate  of  43,000  kg.m./hour  had  a  cardiac 
output  of  18.0  liters  per  minute  at  12°  C.  and  20.6  liters  per  minute  a 
34°  C.  (50  per  cent  relative  humidity) .  Sixty  minutes  of  work  was  ea.sily 
performed  bv  all  at  12°  C.,  at  34°  C.  one  subject  finished  sixty  nmui  es 
and  the  average  period  of  work  to  exhaustion  was  forty-five  minutes. 
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The  hydrodynamics  of  such  comparisons  as  they  affect  thermal  transfer 
are  complex.  It  is,  therefore,  very  interesting  to  find  that  the  absolute 
increases  in  cardiac  output  are  cjuite  similar  for  resting  and  exeicising 
subjects  moving  from  a  cool  environment  to  one  presumably  jiroductive 
of  maximum  vasodilation.  The  increase  in  cardiac  output  at  rest  pioduced 
by  heat  is  1.3  liters,  or  31  per  cent  of  the  basal  value  of  4.!2  liters;  at  hard 
work  the  increase  is  1.7  liters,  or  11  per  cent  of  the  basal  value  for  cool 
conditions  of  18.9  liters.  These  figures  seem  rather  surprising.  Even  if  the 
difference  values  quoted  for  exercise  are  in  error  by  a  large  amount,  it  is 
still  clear  that  the  increased  circulatory  output  in  work  under  hot  condi¬ 
tions  is  not  by  any  means  proportional  to  the  work  load,  but  is  a  much 
smaller  value,  not  greatly  different  from  the  increased  output  associated 
with  vasodilation  at  rest. 

Since  fatigue  and  exhaustion  are  produced  in  heat  at  work  levels  easily 
borne  in  cool  environments,  it  is  possible  that  the  small  increase  in  total 
cardiac  output  in  heat  does  represent  the  true  increase  in  peripheral  cir¬ 
culation.  However,  one  might  suspect  that  a  much  larger  portion  of  the 
total  output  is  diverted  from  the  muscles  to  the  skin  as  temjierature 
stress  increases,  and  that  as  a  result  of  such  a  peripheral  partition  muscle 
function  is  interfered  with,  producing  a  more  rapid  exhaustion.  Competent 
observers,^^  however,  appear  to  be  of  the  opinion  that  the  main  muscle 
mass  is  not  embarrassed  due  to  such  a  diversion  of  blood. 

One  fact  stands  out,  and  that  is  the  increased  heart  rate  associated  with 
the  exhaustion  period.  One  is  tempted  to  conclude  that  an  exhaustive 
effect  associated  with  a  relative  diversion  of  blood  from  the  active  muscle 
mass  to  the  skin  is  not  metabolic  in  nature  but  represents  an  impairment 
of  the  effective  force  returning  this  portion  of  the  blood  to  the  heart.  If 
such  a  reduction  were  increasingly  realized,  the  heart  rate  might  increase 
in  a  compensatory  fashion  to  final  limiting  rates  productive  of  cardiac 
fatigue.  The  fact  that  such  exhaustion  appears  to  occur  at  much  lower 


rates  at  lest  than  in  exercise  must  be  considered  in  tliis  connection. 

In  contrast  to  the  limited  changes  in  cardiac  output  associated  with 
heat  stress  are  the  large  changes  in  heart  rate  due  to  heat  stress.  This 
increase  in  rate  is  progressively  realized  and  appears  to  be  graded  in  pro¬ 
portion  to  the  stress.  Varying  degrees  of  acclimatization  and  length  of 
exposure  make  a  simple  connection  of  rate  and  temperature  unreliable. 
In  a  crude  sense,  and  merely  as  a  superficial  impression  of  an  upper  value 
one  notes  that  resting  rates  above  140  per  minute  are  rarely  reported.’ 
ig  ler  rates  occur  on  standing,  often  associated  with  approaching  svn- 

adjustment.  Perhaps  the  conclusion  is  war¬ 
ranted  that  111  the  resbng  state  rates  of  135  to  140  mark  the  limit  of 
effective  acceleration.  This  is  in  contrast  to  a  further  increase  of  30  to 

h  ri  ‘'’"‘''“"y  exercising  subjects 
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heat  intolerance.  Ihese  values  indicate  that  the  postural  pulse  accelera¬ 
tions  in  heat  are  lairly  stable  values  not  greatly  dift'erent  from  those  seen 
in  unstressed  subjects  with  poor  vascular  tone.  The  pulse  acceleration 
associated  with  work  of  the  same  grade  (48,91)9  kg.ni./hour)  in  a  cold 
environment  (12°  C.)  and  a  hot  environment  (84°  C.,  50  per  cent  R  11) 
has  been  reported  by  Dill.^-  In  the  colder  environment  the  rate  stabilized 
at  132;  the  subject  finished  forty-nine  minutes  of  work  in  the  hot  environ¬ 
ment  with  a  terminal  rate  of  180.  Four  other  subjects  finished  forty  to 
sixty  minutes  of  work  with  terminal  rates  of  179,  177,  1G2,  and  177.  The 
average  net  increase  due  to  thermal  stress  was  36. 

Although  these  various  figures  cannot  be  said  to  be  typical  because  of 
the  restricted  population,  certain  uniformities  are  worth  noting.  Schnei- 
der^3  gives  the  average  pulse  rate  of  2000  reclining  men  as  74.  Using  this 
as  a  reasonable  figure  for  the  normal  reclining  pulse,  we  see  that  under  the 
extreme  heat  stress  produced  by  physical  therapy  heat  treatments  (body 
temperature  at  41°  C.  for  several  hours)  there  is  an  acceleration  of  about 
46  to  a  level  of  120  beats  per  minute.  In  subjects  who  are  sitting  in  extreme 
heaU^  there  is  a  further  acceleration  (although  at  a  lower  body  tempera¬ 
ture,  38  to  40°  C.)  of  about  20  beats  to  a  level  of  approximately  140, 
beyond  which  further  rate  increases  are  associated  with  failing  adaptation. 
The  absolute  difference  in  the  reclining  and  sitting  rates  is  quite  similar  to 
the  difference  between  reclining  and  standing  rates  under  normal  tempera¬ 
ture  conditions  with  debilitated  or  fatigued  subjects.  The  net  increase  of 
36  in  exercising  subjects  between  hot  and  cool  conditions  compares  with 
an  elevation  of  46  in  the  reclining  subject.  The  complex  adjustments  of 
acclimatization  and  training  intervene  between  any  literal  acceptance  of 
these  rates  in  relation  to  fixed  temperatures  or  fixed  work  loads.  However, 
if  a  hot  environment  is  made  to  approach  the  individual  s  limit  it  seems 
jirobable  that  the  quoted  figures  for  pulse  acceleration  m  heat  for  exercis¬ 
ing  or  resting  subjects  are  representative  of  averap  acclimatization  and 
training.  One  may  summarize  these  conclusions  with  the  statement  that 
heart  rates  of  120,  140,  and  180  per  minute  reprpent  the  approximate 
upper  limits  for  reclining,  sitting  and  exercising  subjects  under  heat  stress. 
Major  difficulties  may  appear  in  poorly  conditioned  subjects  at  much 

lower  levels. 


RANGE  OF  THERMAL  RESISTANCE  IN  PERIPHERAL  TISSUE 
The  flow  of  heat  from  internal  body  regions  to  the  environment  occurs 
along  a  continuous  tl.er.nal  gra.lient.  That  portion  of  the  thermal  gradicn 
which  lies  within  the  body  is  referred  to  as  the  internal  physiological 
gradient  of  temperature  in  contrast  to  the  physical  gradient  which  extends 

fro^thell  surface  through  the  clothes  to  the  ^  ->;t;-;-niia 
temperature  regulation  have  a  very  considerable  control  over  t he  the  ma 
resistance  along  the  internal  physiologic  gradient.  Increases  in  the  lap 
Tf  lood  flow  represent  a  type  of  fliiiil  convection  which  may  exagger  te 
"  nib"the' differences  in  local  tissue  temperature  arising  from  bf- 
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this  peripheral  change  in  circulation  rate,  and  any  summary  of  the 
quantitative  range  of  the  organism’s  various  thermal  defences  must  eval¬ 
uate  this  factor.  Since  the  resistance  range  for  the  resting  subject  is  well 
known,  we  will  compare  here  the  values  for  this  factor  under  conditions  o 
exercise  and  rest. 

In  Table  13  the  data  of  Nielsen^i  ^  nude  subject  exercising  on  an 
ergometer  has  been  recomputed  to  determine  the  conductivity  of  the 
peripheral  tissues  as  the  atmospheric  conditions  are  increased  from  9.3  to 
30°  C.  The  interesting  point  in  these  data  is  that  it  provides  an  estimate  of 
the  point  of  maximum  vasoconstriction  for  a  given  work  load.  It  also 
indicates  that,  although  rectal  temperature  does  not  respond  to  the  31°  C. 
variation  in  thermal  stress,  the  effect  of  the  added  stress  is  clearly  seen 
in  the  peripheral  circulation.  A  plot  of  conductance  against  air  tempera¬ 
ture  shows  that  the  conductance  of  14.4  at  Ta  9.3°  is  in  a  portion  of  the 
curve  asymptotic  to  Ta.  The  value  of  14.4  compares  very  well  with  the 
value  of  12  obtained  in  subjects  at  rest.^'*  The  slightly  higher  exercise 
value  may  be  due  to  individual  differences  in  the  peripheral  insulation  of 


Table  13.  Conductivity  of  the  Peripheral  Tissues  in  Atmospheres  from  9.3  to  36°  C. 


Air 

Tempera¬ 

ture 

°C. 

Rectal 

Tempera¬ 

ture 

°C. 

Skin 

Tempera¬ 

ture 

°C. 

M*  -  W' 

Tr  -  Ts 

°C. 

M  -  W 

K  per 

Tr  -  Ts 
(per  1.80  AP) 

9.3 

38.3 

21,0 

467 

17.3 

27.0 

14.4 

15.0 

38.3 

23.7 

467 

14  6 

32.0 

17.0 

19.6 

38.3 

26 . 7 

467 

11.6 

40.3 

21.4 

49.0 

38.3 

32.0 

467 

6.3 

74.1 

39.4 

36.0 

38.3 

35.3 

467 

3.0 

155.7 

82.8 

Metabolism  —  Work  done  in  kg.  cal./hour/man. 
K  =  conductance,  kg.  cal./hour/man  or  per  m^. 


the  experimental  subjects,  but  is  more  probably  a  reflection  of  the  fact 
that  heat  production  during  exercise  has  a  more  peripheral  localization 
t  an  during  rest.  The  highest  K  value,  82.8,  is,  however,  very  much  larger 
than  the  vasodilated  value  of  38  observed  at  rest.^^ 

If  we  express  these  conductivities  as  reciprocals,  the  resistance  values 
so  derived  will  enable  one  to  compute  the  absolute  change  in  peripheral 
thermal  insulation  produced  by  heat  stress.  On  making  this  computation 
^e  find  values  of  0.03  (dilated)  and  0.08°  C./kg.  cal./m. Vhoiir  (con- 
tricted)  for  the  resistances  of  the  resting  subject.  A  similar  computation 
or  the  exercising  subject  yields  values  of  0.01  and  0.07.  In  slmrt  the 
viermal  resistance  which  is  shunted  out  by  vasodilation  has  the  Lame 
value  independent  of  the  level  of  exercise  This  vdIup  o  •  \  ^ 
(1.0,5  to  0.06°  C./kg.  cal./m  Vhr  approximately 

method  of  ded/ei„g  Uie'  XoirTd  t  c«”:res';“mare: 
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of  average  liocly  temperature.  If  we  u.se  Lefevre’s  value  of  23.8  kg. 
cal./m.“/hr./°C./cni.  for  the  sjiecific  coiuluctivity,"*^  we  find  that  in  both 
the  exercising  and  resting  subject  dilation  is  equivalent  to  the  removal  of 
a  thermal  resistance  equivalent  to  about  1.4  cm.  of  ti.s.sue. 

If  one  examines  curves  of  jieripheral  tissue  conductance  they  are  seen 
to  be  similar  in  form  for  both  resting  and  exercising  subjects.  They  ap¬ 
proximate  equilateral  hyperbolas  whose  limbs  are  asymptotic  to  the 
ordinates  and  aliscissas  of  the  graph.  In  ])lotting  such  curves  for  increasing 
rates  of  heat  production  the  necessity  imi)lied  in  the  calculation  becomes 
usually  very  obvious.  As  heat  ])roduction  rises,  the  total  temperature  range 
incorporated  between  the  liml)s  of  the  curve  becomes  larger,  whether  this 
be  expressed  in  terms  of  environmental  tem])erature  or  the  difference 
between  skin  and  internal  tem|)erature.  Conversely,  as  heat  i)roduction 
decreases,  the  approximately  asymptotic  portions  of  the  curve  more 
closely  approach  a  right  angle  intersection,  and  the  temperature  range 
separating  vasodilation  and  vasoconstriction  becomes  very  small.  It  is 
not  known  whether  the  jihysiological  act  of  vasodilation  or  vasoconstric¬ 
tion  is  a  sharp  event,  or  one  gradually  achiev('d  as  the  thermal  stress 
changes.  Perhaps  the  best  assumption  is  that  there  is  a  centrally  regulated 
constrictor  stimulus  which  is  relatively  shar]i  but  that  this  general  stim¬ 
ulus  is  modulated  by  the  local  tem])erature  in  different  skin  fields.  In 
such  an  event,  the  apj)earance  of  a  gradual  change  in  conductance  would 
be  achieved.  It  ajipears  that  in  the  conductance  curve  we  have  a  record 
of  tem])crature  regulation  which  reflects,  in  a  family  of  similar  curves,  the 
organism’s  estimate  of  the  environmental  stress.  The  mid-points  of  a 
family  of  conductance  curves  for  conditions  of  increasing  stress  must  have 
interesting  properties  as  an  index  of  temperature  regulation  and  as  a 
physiological  criterion  of  the  mid-point  of  adajitation  to  the  range  of 

environments  reflected  in  the  curves. 

The  object  of  devoting  this  attention  to  the  dilation  process  lies  in  the 
imyiortance  of  knowing  that  the  .shift  in  tissue  resistance  associated  with 
dilation  is  a  relatively  stable  value  indejicndent  of  activity.  Any  com- 
yietcnt  scale  of  thermal  stre.ss  must  include  in  some  manner  an  allowance 
for  the  thermal  effects  yiroduced  by  this  mechanism  of  temperature  regu¬ 
lation.  The  wide  range  of  31°  C.  (5  to  30°  C.)  over  which  rectal  tempera¬ 
ture  level  ajqiears  to  be  associated  with  level  of  work-^  rather  than  increase 
in  external  thermal  stress  leads  to  the  following  conclusion.  In  this  range 
the  adjustment  is  made  primarily  by  increase  in  iieripheral  circulation 
and  moderate  .sweating.  Such  changes  as  occur  in  internal  temperature 
appear  to  be  dominated  by  efficiency  factors  concerned  ^ylth  work  rather 
than  ten,por.-.t„rc  regulation.  Caicniationa  l.aae.l  on  con,  nctanco  marj.e 
tentatively  nscl  to  quantify  tl.e  range  of  tins  |,en|,liernl 
ani.sm.  In  ische.nic  skin  the  flow  is  |,rol,al,ly  le.ss  than  t.r  ee.  n  .-/inin. 
This  value  mav  Ik-  compared  witl.  230  ee.  during  nio.lerate  y  aetne  ^a^o- 
dilation  (room  temperature  3.5”  C.)  and  1200  ee.  during  tlie  very  stron„ 

vasodilation  associated  witli  severe  exerei.se.  ,p„i,.ei"itnre 

The  above  facts  require  a  certain  procedure  in  using 
elcvaHons  jo  grade  thermal  stress.  Tlie  deptl.  of  Hie  rectal  ineasiiremen 
must  be  standardized,  and  the  increment  m  body  tcmiieratine  oisenu 
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under  a  given  thermal  stress  must  be  referred  to  the  basal  level  foi  the 
activity  in  question  as  obtained  under  cool  conditions.  This  presents  quite 
a  different  result  from  that  obtained  by  using  the  increment  over  a  rest 
condition,  or  with  nnstandardized  locations  of  the  measurement  in  the 
body  gradient.  It  is  obvious  that  if  a  given  activity  is  associated  with  a 
level  value  of  38.3°  C.-^  from  5  to  3(>°  C.  air  temperature,  a  further  rise  to 
40°  C.  at  higher  temperatures  represents  an  environmental  stress  of  1.7° 
(38.3  to  40°  C.)  rather  than  3°  (37  to  40°  C.) .  However,  such  a  level  value 
will  only  be  found  with  deep  location  of  the  rectal  measuring  element.-^ 
One  may  legitimately  ask  whether  the  components  of  a  given  elevation 
make  any  difference  in  so  far  as  evaluations  of  tolerable  upper  thermal 
limits  are  concerned.  No  certain  conclusion  on  this  point  is  warranted.  It 
does,  however,  have  a  great  effect  on  the  calculation  of  indices  of  thermal 
tolerance.  Robinson  has  recognized  this  fact^^’  in  principle.  The 

rectal  temperatures  used,  however,  are  preferably  those  obtained  by  the 
Nielsen  technic.-^  This  is  impractical  in  many  situations.  Existing  in- 
dices^^’  based  on  ordinary  rectal  thermometer  measurements  would 
be  extended  in  usefulness  if  determinations  were  made  of  the  relation  be¬ 
tween  rectal  temperature  values  obtained  by  the  two  methods. 


RANGE  OF  SWEAT  SECRETION 

It  is  generally  known  that  under  resting  comfortable  conditions  the 
human  body  loses  about  25  jier  cent  of  its  total  heat  through  insensible 


'I'able  14.  R.\nge  of  Sweat  Secretion 


Series 

Dre.ss 

Air 

Temperature 

°C. 

iNIetabolisin 
kg.  cal./ 
ni.2/hr. 

Sweat 

Secretion 

gin./m.^/hr. 

Rectal 

Teinjierature 

°C. 

Sweat  Secre¬ 
tion  per  °C. 
Increase  in 
Tr 

gin./m.^/hr. 

(a)*  i 

I.iglit 

0 

3(15 

75 

38. 

1 

Heav'y 

(J 

305 

490 

39  2 

370 

Sliorts 

16 

130 

150 

37.4 

1 

*  n  I* 

Sliorts 

50 

130 

1150 

38.5 

910 

*  References  47,  48. 
t  References  35,  36,  37. 


evaporation  from  the  skin  an<l  res|)iratory  tract.  When  snijject  to  lieal 

evm,«rltion  of'  i  “  ‘  f"' '■'’‘'g®  q'i-i»tities  of  sweat,  an<l  the 

erapoiation  of  this  secretion  becomes  the  major  factor  in  defense  against 

h  gh  tempera  nre.  Although  elevations  in  deep  body  temperature  .are 

secretion  per  degree  rise  in  rectnl  ^  C.,  the  increase  in  sweat 

I  aegree  use  in  lectal  temperature  is  only  41  per  cent  of  the 
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value  found  in  (6)  where  a  rise  in  air  temperature  is  the  cause  of  the 
lectal  increase.  Ihe  same  jioint  may  be  illustrated  by  comparing  the 
absolute  secretions  lor  (a)  and  (6)  at  the  same  temperature.  In  the 
oiiginal  data  from  which  lable  14  was  compiled,  a  rectal  temperature  of 
38.2°  C.  is  associated  with  a  secretion  of  less  than  100  gm./m.“/hr.  under 
condition  (a)  and  with  840  pu./m.-/hr.  under  condition  (6).  It  seems 
quite  certain  that  this  wide  difference  in  secretion  is  due  to  the  inhibiting 
effect  which  a  cool  skin  may  exert  on  the  sweat  response  to  a  given  eleva¬ 
tion  of  deep  body  temperature.  In  (a)  the  mean  skin  increased  from  about 
30  to  35°  C.  as  clothing  was  increased.  Certain  exposed  areas  were  prob¬ 
ably  much  cooler.  In  (6)  the  skin  increased  from  about  34  to  37°  C. 

Such  comparisons  make  it  clear  that  the  rate  of  sweat  secretion  is  not 
dependent  upon  deep  body  temperature  in  any  simple  sense  and  that  skin 
temperature  is  a  very  important  influence.  In  addition,  one  must  consider 
the  possibility  that  different  levels  of  activity  exert  a  reflex  effect  on  the 
sensitivity  of  the  sweat  mechanism  which  is  independent  of  the  thermal 
factor. 

Values  for  the  upper  limits  of  the  rate  of  sweat  secretion  are  subject  to 
the  same  uncertainties  that  affect  most  statements  of  physiological  maxima 
or  tolerance  limits.  For  the  resting  man,  the  value  rejiorted  by  Robinson, 
Turrell,  and  Gerking  is  the  largest  we  have  found.  A  subject  exposed  to 
an  air  temperature  of  50.1°  C.  and  44  per  cent  R  II  secreted  1798  gm./hr. 
This  rate  applied  to  the  last  half  hour  of  a  one  hour  exposure.  Very  much 
higher  rates  may  be  reached  in  acclimatized  exercising  subjects.  In  a 
group  of  thirteen  subjects  exercising  at  a  rate  of  250  kg.  cal./hr.  (total 
metabolism)  in  a  saturated  environment  at  35.6°  C.,^®  the  mean  sweat 
secretion  was  2760  gm./hr.  The  highest  rate  noted  was  the  surprising 
figure  of  3880  gm./hr.  Hence  it  appears  that  under  maximal  heat  stress 
and  moderate  activity  the  human  body  is  able  to  produce  sweat  at  a  rate 
somewhat  in  excess  of  a  gram  per  second.  If  this  sweat  were  evaporated, 
its  cooling  potential  would  be  at  a  rate  between  twenty-five  and  thirty 
times  the  resting  metabolism.  Perhaps  the  most  impressive  comparison, 
however,  is  the  fact  that  such  a  dehydration  rate  represents  a  water  turn¬ 
over  per’hour  which  is  equivalent  to  more  than  half  of  the  normal  blood 
volume.  Quite  obviously,  the  sweat  mechanism,  is,  in  potential  heat 
adjustive  capacity,  the  outstanding  temperature  regulating  mechanism. 

SUMMARY 

When  the  human  body  is  subjected  to  thermal  stress  it  vigorously  op¬ 
poses  deviation  of  its  deep  internal  temperature  from  a  level  which,  at 
rest,  is  approximately  37°  C.  Regulatory  responses  are  not  imees.a  y 
successful  and  under  appropriate  stress,  deviations  of  about  -f  6  C.  o 
-12“  C.  from  37°  C,  arc  requircrl  to  produce  death.  On 
Stress  increases  in  cardiac  output  of  the  order  of  1.4  to  1.7  liteis  per 
miniite  result  and  this  adjustment  shows  no  considerable  variation  e- 
U^rthe  restinraud  exercising  state.  In  contrast  to  cardiac  outpn^  pn  se 
accelerations  show  a  cotispicuously  gra.Ied  „ifi. 

I'a^ttthhr?— suhiect  to  either  cold 
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or  heat  stress  is  a  variation  in  the  thermal  insulation  of  the  peripheral 
tissues.  The  minimal  and  maximal  values  for  effective  peripheral  insula¬ 
tion  appear  to  be  different  at  rest  and  during  exercise,  but  the  absolute 
change  in  insulation  attributable  to  peripheral  dilation  and  constriction 
is  similar  for  exercising  and  resting  subjects  and  is  approximately  0.06 
C./kg.  cal./m.“/hr.  in  resistance  units.  At  rest,  pulse  rates  under  severe 
heat  stress  seldom  exceed  140  per  minute  without  signs  of  approaching 
collapse,  but  with  exercise  rates  as  high  as  180  per  minute  may  be  tol¬ 
erated.  During  such  periods  of  heat  stress  the  human  body  may  be  dehy¬ 
drated  by  sweat  secretion  at  rates  which  are  at  least  as  high  as  1800 
gm./hr.  for  the  resting  state  and  3900  gm./hr.  for  exercise  conditions.  A 
proper  grading  of  the  physiological  cost  of  thermal  adaptation  implies 
combination  in  an  index  of  changes  in  deep  body  temperature,  pulse 
acceleration,  and  sweat  secretion  in  association  with  integrated  measures 
of  the  thermal  stress  of  the  environment.  Other  measurements  of  physio¬ 
logical  response  might  be  included  in  an  index  of  thermal  adaptation. 
However,  the  three  responses  mentioned  appear  to  meet  the  minimal 
requirements  of  an  index  since  the  actual  displacement  in  the  regulated 
function,  body  temperature,  is  assessed  and  related  to  the  primary  items 
of  eirculatory  and  dehydration  stress.  This  conclusion  implies  a  dominant 
concern  with  adjustment  to  heat  stress  since  it  is  obvious  that  the  quanti¬ 
tatively  important  adjustments  to  cold  stress  are  increased  food  consump¬ 
tion  and  adequate  clothing,  reactions  which  are  voluntary  and  in  this 
sense  radically  different  from  the  adjustments  to  heat. 
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CHAPTER  9 


INDICES  OF  COMFORT 


C.  P.  Yaglou 


PHYSICAL  INSTRUMENTS 

Various  instruments  have  been  designed  to  integrate  into  a  single  index 
two  or  more  of  the  four  factors  affecting  warmth  by  measuring  the  rate 
of  heat  loss  by  radiation  and  convection  from  heated  cylinders  or  spheres. 
Among  these  are  Heberden’s  heated  thermometer^,  Hill’s  kata  thermom¬ 
eter,-  Dufton’s  eupathescope,^  Vernon’s  globe,^  and  the  Pierce  Labora¬ 
tory  thermo-integrator.® 

Although  some  of  these  devices  have  proved  useful  in  integrating  radia¬ 
tion  under  certain  conditions,  none  has  succeeded  in  simulating  human 
response,  even  within  the  comfort  zone  where  humidity  effects  may  be 
disregarded.  The  difficulty  lies  not  in  the  incompetence  of  physical  science 
but  in  the  complexity  of  physiological  response.  From  the  physical  stand- 
})oint  all  instruments  are  quite  reliable  in  measuring  environmental  cooling 
powei  on  themselves.  But  the  cooling  power  of  a  given  environment  on 
a  person,  on  the  kata,  eupathescope,  thermo-integrator  and  on  globes  of 
different  diameters  will  differ  considerably  with  size,  shape  and  surface 
chaiacteristics.  Ihe  exact  effect  of  radiation  and  convection  can  be  deter¬ 
mined  only  by  measurements  on  each  instrument  separately  and  on  the 
human  body  itself. 

1  he  most  disturbing  discrepancy  between  instrumental  and  human 
response  is  the  ability  of  the  heat  regulating  system  of  the  body  to  make 
piompt  adaptive  changes  in  the  distribution  of  blood  to  the  skin  and 
mteinal  organs  whieh  can  counteract  or  minimize  the  effect  of  changing 
environmental  conditions.  Physical  instruments  integrate,  whereas  th! 
uinian  body  can  differentiate  between  component  thermal  effects  For 
_  anqile,  a  person  sitting  m  a  cold  room  in  front  of  a  blazing  fireplace  may 
tee  too  warm  on  the  front  of  his  body  and  too  cold  in  the  back  X  eas 
a  physical  instrument  may  show  little  response  because  the  effect  of  coM 
and  radiant  heat  tend  to  counteract  each  other. 

EFFECTIVE  TEMPERATURE 

■leveloped  by  Uoul;  ':,;  {■«:'<!  '  Mil?'""’*,  "i*”  ^ 

baI>oratorv  of  the  American  Societv  of  TI*  f  •*'*  at  the  Researcli 

that  can  be  nreasnre.l  directly  bnt  nfi  "t' brcomp!a:VTrom‘3ings'"f 
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dry  and  wet  bulb  temperatures  and  of  velocity  of  air,  using  charts  or 
tables.  The  numerical  value  of  this  index  was  fixed  by  the  temperature  of 
still  air  (10  to  15  cm./sec.  air  movement) ,  saturated  with  moisture  which 
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Two  different  E.T.  scales  were  determined,  one  with  subjects  stripped 
to  the  waist  (Fig.  49) ,  as  in  hot  industries,  and  another  with  subjects 
dressed  in  customary  indoor  winter  clothing  (Fig.  50).  In  lioth  studies 


120 


r-tto 


Fig.  50.  Chart  showing  normal  scale  of  Effective  Temp 
and  normally  clothed.  (Courtesy  of  Amer.  Soc.  of 


•-30 

erature.  Applicable  to  persons  at  rest 
Heating  and  Ventilating  Engrs.) 
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P  experience  in  the  i)ast  twenty-five  years  has  shown  that  the 

L.l.  index  is  best  suited  to  warm  atinosiiheres  when  radiation  effects  are 
uniinpoi  taut.  All  workers  agree  that  this  scale  makes  too  much  allowance 
foi  humidity  at  low  temperatures,  and  not  enough  allowance  in  very  high 
temperatures  which  approach  the  limit  of  man’s  endurance  to  heat.  This 
disability  is  attributed  to  iaults  in  the  teehnie  of  developing  the  index. 

liiffective  temperature  was  derived  Ironi  instantaneous  thermal  impres¬ 
sions  of  subjects  while  passing  back  and  forth  from  one  conditioned  test 
room  to  another.  In  establishing  combinations  of  temperature  and  humid¬ 
ity  which  felt  equally  warm,  one  of  the  rooms  was  kept  at  a  high  humidity 
with  relatively  low  temperature,  while  the  other  room  was  adjusted  to  a 
lower  humidity  but  higher  temperature  so  that  both  rooms  felt  alike  in 
warmth.  The  subjects  recorded  their  sensory  impressions  (cooler,  warmer, 
or  no  difference)  immediately  upon  changing  from  one  room  to  the  other, 
without  allowing  time  for  physical  or  physiological  adjustment.  This  was 
a  matter  of  necessity  rather  than  of  choice,  because  thermal  sensitivity 
diminished  rapidly,  and  in  but  a  few  minutes  the  observers  were  unable  to 
perceive  large  differences  of  humidity,  or  temperature  differences  of  less 
than  1.5°  C.,  between  the  two  rooms,  as  compared  with  a  sensitivity  of 
0.3°  C.  which  was  possible  to  obtain  immediately  upon  changing  from  one 
room  to  the  other.  Judgment  of  warmth  depended  largely  on  sensations  of 
the  face  and  hands  of  clothed  subjects,  and  of  the  torso  in  subjects  stripped 
to  the  waist.  This  was  particularly  true  in  experiments  with  high  air 
velocities. 

Overestiniation  of  the  importance  of  humidity  at  low  temperatures  can 
now  be  explained  largely  by  ad.sorption  and  desorption  phenomena.  In 
passing  from  a  relatively  warm  and  dry  atmosiihere  to  a  moist  and  cooler 
one,  the  exposed  skin  and  clothing  adsorbed  moisture,  and  the  heat  of 
adsorjition  imparted  a  transient  sense  of  warmth.  Upon  returning  to  the 
drier  room  the  excess  moisture  quickly  evaporated,  producing  a  transient 
cooling  effect.  The  investigators,  being  unaware  of  these  adsorption 
phenomena,  had  attributed  the  diminishing  humidity  effect  largely  to 
adaiitation,  and  proceeded  on  the  assumption  that  all  combinations  of 
temperature  and  humidity  which  felt  alike  in  warmth  by  first  impression 
would  jirobably  result  in  the  same  degree  of  adaptation  after  prolonged 
exiKisure.  This  assumption  is  now  generally  known  to  be  false. 

Vttempts  to  verify  the  humidity  effect  by  exposing  subjects  to  more  or 
less  comfortable  temperatures  with  different  humidities  were  without 
success.  In  cuntinuous  exposures  of  Ihree  to  four  hours  llie  subjects 
readily  adapted  themselves  to  the  test  coudilious  ami  showed  uo  sig¬ 
nificant  ditfercuce  in  rectal  temiieraturc,  pulse  rate  blood  prcssuie 
moisture  loss,  or  impressions  of  comfort  with  different  humidities  at  an> 

^'^^wm^atmospheres,  on  the  other  hand,  Ihc  jiliysiological 
produced  by  Umijleratiire,  humidity  and  air  movement  closely  followed 

“'Thel'  iimitaUous  must  be  appreciated  in  applying  E.T  to  pracfel 
problems.  Under  ordinary  room  conditions  wit  i  still  ‘I'  bulb 

temperature  in  itself  is  a  better  index  of  warmth  than  is  E.l .  or  .  y 
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comi)osite  index.  In  the  presence  of  radiation  sources,  or  where  air  and 
wall  temperatures  differ  considerably,  the  operative  temperature  is  a 
better  index.  An  allowance  for  radiation  can  be  made  by  using  the  read¬ 
ing  of  an  unheated  globe  thermometer  instead  of  the  air  temperature, 
with  the  given  dewpoint,  for  computing  the  E.T.  value  as  suggested 
by  Bedford.^®  The  error  will  be  small  if  the  air  movement  is  low,  but  may 
become  considerable  in  high  wind  velocities.  The  real  value  of  E.T.  is  in 
the  warm  and  humid  atmospheres  in  which  adsorption  effects  are  unim¬ 
portant  because  the  skin  becomes  moist  with  perspiration. 


OPERATIVE  TEMPERATURE 

Operative  Temperature  (Tq)  is  a  calorimetric  scale  developed  by 
Winslow,  Herrington  and  Gagge  with  unclothed  subjects.^^  It  combines 
air  temperature,  reflected  radiation  from  electric  radiant  heaters,  and  air 
movement  into  a  single  value  defined  by  the  following  expression: 


To  —  ts  — 


M  -  E  ±  S 
Kr  -b  Kc 


Kr 

Kr  -b  Kc 


m.r.t.  -b 


Kc 

Kr  -b  Kc 


(Equation  1) 

where  tj  =  mean  skin  temperature  in  degrees  centigrade 
M  =  metabolic  rate,  Cal./m.Vhr. 

E  =  evaporative  heat  loss,  Cal./m.^/hr. 

S  =  body  heat  debt  or  gain  (storage),  Cal./m.Vhr. 

Kr  —  total  radiation  constant  =  4.92  X  10~®  X  effective  radiating  surface  of  the 
body  in  m.^,  determined  experimentally 

Kc  —  convection  constant,  depending  on  size  and  posture  of  subjects,  and  determined 
experimentally 

m.r.t.  =  mean  radiant  temperature  in  degrees  centigrade.  (See  Chap.  2). 

V  =  velocity  of  air,  cm. /sec. 

Vo  =  standard  velocity  at  which  Kc  has  been  determined  7.6  cm./sec.) 


o  estimate  Tp  we  must  know  either  the  mean  skin  temperature  and 
heat  loss  from  the  body  to  the  environment,  or  the  skin  temperature  and 
the  environmental  factors.  For  unclothed  subjects  at  rest  in  a  semireclining 

posture  the  values  of  and  were  found  to  average  0.48 

and  0.52  respectively  when  \\  was  7.6  cm./sec.^i 
Substituting  these  values  in  equation  1, 


To  =  0.48  m.r.t.  +  0.19  [Vv  t„  -  (Vv  -  2.76)  t.]  (Equation  2) 

Computed  in  this  manner,  Tp  is  said  to  represent  the  temperature  of 
air  mo^veSTfTr  ^  ffliial  air  and  wall  temperature  and  with  an 

a  mean  skin  temperZ'rerf’ t’  wouW  lo  'vith 

heat  or  cold  produced  bv  a  thormnl  ^  ^  ^  sii'vective  sensations  of 

derived  on  a%hvsieal  basis  '  was 

warmth  and  comfort  are  associated  with  "’'‘I  sensations  of 

vection  and  are  independent  of  total  heatToss°*L’''t  eon- 

rad, a„on  and  l,,v  evaluating  more  accurately  effects  of  lofv  rcuZt’s! 
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it  was  hoped  to  overcome  the  limitations  of  effective  temperature.  Failure 
to  secure  this  end  does  not  necessarily  imi)ly  that  the  concept  itself  is 
wrong  but,  in  the  reviewer's  oi)ini()n,  the  method  of  determining  Tq  may 
have  an  imjiortant  bearing. 

The  experiments  were  carried  out  in  a  small  nine-sided  booth  with 
highly  polished  cojiper  walls,  ceiling  and  floor.  Infra-red  radiation  from 
three  2500-watt  radiant  heaters  was  direeted  against  three  sides  of  the 
booth  and  diffused  into  the  enclosure  by  reflection  back  and  forth  from 
one  polished  snrfaee  to  another  without  signifieantly  raising  wall  surface 
temperatures.  The  subject  sitting  at  the  middle  of  the  booth  intercepted 
much  of  this  radiation,  while  radiation  from  his  own  body  was  reflected 
back  to  him  by  the  highly  ])olished  walls. 

Obviously  the  radiation  characteristics  of  such  a  booth  differ  consid¬ 
erably  from  those  of  ordinary  rooms  with  absorbing  surfaces.  In  such  a 
radiant  enclosure  it  is  difficult  accurately  to  measure  the  mean  radiant 
temjierature  or  radiation  heat  exchange  of  a  subject.  The  investigators 
estimated  the  m.r.t.  by  a  new  method,  in  which  a  polished  copper  hemi¬ 
sphere  attached  to  the  ceiling  of  the  liooth  (2.4  m.  high)  received  radia¬ 
tions  from  the  booth  surfaces  and  reflected  them  into  a  thermopile 
suspended  under  it.  The  results  were  checked  against  readings  of  a  globe 
thermometer,  which  in  itself  is  not  accurate  enough  for  research  purposes, 
especially  when  the  air  movement  varies. 

A  more  serious  handicap  was  the  uncertainty  of  calculating  body  heat 
debt  or  gain  (storage)  by  Burton’s  method,  as  the  investigators  them¬ 
selves  have  recently  demonstrated.^”  The  only  satisfactory,  though  labori¬ 
ous,  method  of  estimating  body  heat  debt  or  gain  is  a  combination  of 
indirect  and  direct  calorimetry,  as  used  by  DuBois  and  Hardy Parti- 
tional  calorimetry  has  proved  inadequate  in  warm  or  cold  atmospheres  in 
which  thermal  equilibrium  is  difficult  or  impossible  to  obtain. 

The  main  advantages  of  To  are  the  fact  that  it  takes  radiation  into 
account  and  it  affords  an  index  of  caloric  demand  which  is  applicable  to 
atmospheric  as  well  as  to  aqueous  environments.  No  other  known  scale 
is  capable  of  performing  this  dual  function.  The  chief  iiraetical  disad¬ 
vantage,  aside  from  those  already  discussed,  is  the  fact  that  the  mean 
skin  temiicrature  must  be  known  or  measured  m  order  to  estimate^"^,. 
Within  the  comfort  zone  where  the  mean  skin  temperature  is  about  S3  C., 
To  mav  be  computed  by  substituting  this  value  for  ts  m  equation  2.  No 
special  scale  has  yet  been  derived  for  clothed  subjects,  iirobably  because 
clothing  complicates  evaluation  of  Kk,  Kc  and  E. 

MEAN  SKIN  TEMPERATURE  AS  AN  INDEX  OF  WARMTH  AND  COMFORT 


Comfort  is  a  complex  subjective  sensation  intimately  associated  no 
(,„lv  with  ])hvsical  and  physiological  factors  but  also  with 
factors  which'are  difficult  to  evaluate.  From  the  thermal  stan<lpoiut  com- 
fortal.le  air  oonditions  avc  tliosc  inuler  which 
normal  balance  between  ])rodnction  and  loss  of  heat,  . 

‘‘‘TworTluntriis  oirlir  to  nmlcr  a,I  coiiili.ions  ah 

thmigh  it  is  possible  to  establisli  limits  which  will  meet  the  requirements 
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a  majority  in  any  given  homogeneous  group  under  certain  conditions.  The 
factors  determining  selection  are  largely  individual,  owing  to  wide  biologic 
diversity  and  variable  response  of  different  persons  to  a  given  physical 
environment.  Climate  and  season,  activity,  clothing,  state  of  health,  sex, 
age  and  degree  of  adaptation  are  among  the  important  modifying  factors. 

For  men  and  women  at  rest  and  dressed  according  to  season,  the  com¬ 
fortable  range  of  temperatures  usually  is  between  18  and  24°  C.  in  cold 
weather  and  between  24  and  28°  C.  in  warm  summer  weather.  The  ordi¬ 
nary  variations  of  humidity  within  the  comfort  zones  and  in  lower  tem¬ 
peratures  have  but  little  effect  on  evaporation  of  moisture  from  the  skin 
and  on  sensations  of  comfort.  Evaporation  from  the  skin,  within  this 
temperature  range,  is  limited  to  the  amount  diffusing  through  the  capil¬ 
laries,  and  this  amount  remains  substantially  unaffected  by  humidity  and, 
in  cold  environments,  by  temperature  also. 

As  the  temperature  rises  beyond  the  comfort  point,  active  sweating 
begins,  and  the  rate  of  sweat  secretion  is  controlled  by  requirements  for 
body  heat  balance.  Within  this  zone  of  evaporative  cooling,  humidity 
becomes  increasingly  important  in  determining  the  rate  of  sweat  secretion 
and  evaporation,  as  well  as  the  sensations  of  thermal  comfort  or  discom¬ 


fort;  and  when  the  external  temperature  approaches  or  exceeds  that  of 
the  body  s  surface,  humidity  becomes  the  most  important  of  all  environ¬ 
mental  factors. 

No  physical  instruments  nor  any  of  the  empirically  determined  indices 
can  take  into  account  the  multitude  of  factors  affecting  comfort.  Hardy 
and  DuBois,!^  Gagge  et  and  Yaglou  and  Messer^®  have  recently  shown 
that  below  the  zone  of  evaporative  cooling  there  is  a  close  relationship 
between  comfort  of  resting  subjects  and  mean  skin  temperature  the  latter 
measured  on  at  least  fifteen  representative  areas  of  the  body,  as  suggested 
jy  DuBois.i'  In  the  tests  of  Yaglou  and  Messer,  men  and  women  subjects 
" when  their  mean  skin  temperature  was  between  33°  C. 

^  range  of  environmental  temperature  (13  to  28°  C. 
dry  bub),  when  the  subjects  were  suitably  dressed  in  clothes  which 
weighed  from  0.05  kg.  at  28°  C.  to  6.6  kg.  at  13°  C.,  excluding  weight  of 


When  perspiration  sets  in,  the  skin  temperature  curve  begins  to  flatten 
out,  ow,ng  to  cooling  by  evaporation  of  sweat.  Beyond  thirplt  ‘kin 
tempeiatiire  rises  very  slowly  and  cannot,  therefore,  be  taken  as  a  satis 
factory  index  of  warmth  or  of  the  discomfort  experimiced 
Skin  temperature  also  fails  as  an  index  of  comfort  during'muscular  exer- 

to'^Zoior' XfU  bilod 
exainple,  subjects  working  on  a 

mean  skill  t™,pe'™t,“e'of3)'°‘cwfe  T""  “  comfortable  with  a 

must  be  studied  from  a  eo^^raiirri'- 
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such  as  ])iilse  rate,  rectal  temperature,  and  sweat  secretion  and  evapora¬ 
tion. 


INDEX  OF  PHYSIOLOGICAL  EFFECT  (Ep) 

An  empirical  index  of  strain  on  men  working  in  hot  atmospheres,  ex¬ 
pressed  as  a  ratio  of  strain  in  a  given  environment  to  maximum  strain  in 
the  hottest  tolerable  environment  is  the  index  of  physiological  effect.  The 
concept  was  worked  out  in  the  laboratory  by  Robinson,  Turrell  and 
(lerking^''*  at  the  University  of  Indiana.  Four  criteria  were  used  for  evaluat¬ 
ing  Ep!  (a)  heart  rate,  (6)  skin  temperature,  (c)  rectal  temiierature  and 
(d)  rate  of  sweating,  all  weighted  equally  as  shown  below: 


(a)  Eh 

(b)  E. 

(c)  E. 

(d)  Ew 


lu  —  hi 
li2  —  hi 

S3  —  3l 
S2  —  Si 
Ts  —  ri 
r2  —  ri 

\V3  —  Wi 


W2  —  Wl 


X  100  =  strain  ratio  indicated  by  heart  rate 
X  100  =  strain  ratio  indicated  by  skin  temperature 
X  100  =  strain  ratio  iiulicated  by  rectal  temperature 
X  100  =  strain  ratio  indicated  by  sweatiiifi  rate 


and  Ep  =  Eh  +  E,  -|-  fir  +  1% 


(Equation  0) 


In  these  equations,  hi,  Sj,  rj  and  Wi  respectively  are  the  subject’s  base 
values  of  heart  rate,  skin  temperature,  rectal  temperature  and  rate  of 
sweating  as  determined  in  a  cool  environment  (23°  C.,  55  m./ min.  air  ve¬ 
locity)  with  a  given  activity.  Once  determined,  these  values  arc  used  as 
constants  in  estimating  Ep.  Symbols  lu,  S2,  r2  and  W2  respectively  are 
maximum  values  of  heart  rate,  etc.  observed  during  exposure  to  the  most 
severe  environment  which  could  be  tolerated  for  two  hours  bj^  well-ac¬ 
climatized  test  subjects  working  at  the  given  rate.  These  maximum  values 
are  used  also  as  constants  in  evaluating  the  Ep  of  any  given  test  en%  iron- 
ment.  Values  of  hg,  Sg,  rg  and  Wg  are  those  obtained  under  equilibrium 
conditions  in  the  test  environment;  i.e.,  the  one  to  be  evaluated. 

Contour  curves  are  plotted  on  charts  from  which  Ep  values  between  50 
and  400  can  be  predicted  from  the  dry  and  wet  bulb  temperature  tor  1 1  - 
ferent  metabolic  rates  with  subjects  clothed,  or  wearing  shorts  only.  Ac¬ 
cording  to  these  charts,  thermal  equilibrium  is  possible  when  the  Ep  viHue 
is  under  200;  heat  begins  to  accumulate  in  the  body  when  Ep  exceeds  -a  , 
and  conditions  become  intolerable  with  Ep  values  of  over  400. 

Admittedly  this  method  of  assessing  strain  is  arbitrary.  We  are  dealing 
here  with  four  normally  inter-related  variables  whose  relative  importance 
as  components  of  heat  strain  may  vary  considerably  with  temperature 
type  of  activity  and  with  individual  subjects.  No  simple  summation  ot 

coLiponent  strain  ratios  can  therefore  be  taken  as  a  t"'' 
logic  strain  Under  conditions  of  breakdown  any  one  of  tlie  foui  va  i.ibles 
mly  approach  a  critical  value  irrespectively  of  the  other  three,  and  w.t  j 
out  necessarily  raising  the  E,  value  above  400.  For  instance,  lean  a  d 
Eichna-"  have  described  several  cases  of  disabling  heat  ex  aus  ion  wi 
out  a  significant  rise  of  rectal  temperature. 
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The  index  does  not  apply  to  unacclimatized  subjects  because  no  con¬ 
sistent  measure  of  ho,  So,  1*2  and  Wo  can  be  obtained  on  such  subjects.  On 
the  whole  this  index  is  too  new  and  untried.  Its  practical  value  remains 
to  be  proved. 

THERMAL  ACCEPTANCE  RATIO 

The  Thermal  Acceptance  Ratio  (T.A.R.)  has  been  proposed  by  the 
Climatology  and  Environmental  Protection  Branch  of  the  Office  of  the 
Quartermaster  General  as  an  index  of  heat  tolerance.^^’  It  is  the  ratio 
of  maximum  heat  stress  that  can  be  safely  tolerated  to  the  actual  strain 
imposed  by  heat  and  activity — a  tolerance  safety  factor — estimated  from 
the  following  expression: 


T.A.R.  = 


E  ±  C  ±  R 
0 . 75  M 


(liquation  4) 


where  IE  =  the  heat  acceptance  of  the  atmosphere,  defined  as  the  quantity  of  heat  which  a 
given  atmosphere  is  capable  of  removing  from  an  unclothed  person  if  his  skin 
temperature  were  maintained  at  an  assumed  safe  limit  of  97°  F. 

M  =  actual  sustained  metabolic  rate  of  a  well-acclimatized  person.  This  is  taken  as 
an  index  of  strain. 

L  =  heat  loss  from  lungs,  assumed  at  0 . 25  M. 

E  =81  V®'®  (44.8  —  VPa)  =  evaporativ^e  heat  loss  from  wet  skin  at  97°  F.,  with 

an  assumed  upper  limit  of  500  Cal./m.Vhr. 

^  =  wind  velocity  in  miles  per  hour 

44.8  =  pressure  of  saturated  water  vapor  at  97°  F'.,  in  mm.  Hg 
^  Pa  =  pressure  of  water  vapor  in  air 

F  —  C  a  (97  -ta)  =  convection  heat  loss  in  Cal./m.Vhr.  Coefficient  Ca  for  the  human 
l)ody  is  assumed  to  be  the  same  as  that  for  a  cylinder  3  inches  in  diameter 
maintained  at  97  I.  Values  of  Ca  for  different  velocities  are  given  as  follows:^' 


H 


VV  ind  velocity 
Vliles/hr. 

1 

3 

5 

7 


Ca 

Cal./m.Vhr./F°. 

3  9 
7.1 
9.6 
11.8 


IE  (97  ta)  -  heat  loss  by  radiation  in  Cal./m.Vhr.  For  indoor  atmospheres 
r  radiant  temperatures  do  not  differ  much  Rk  is  taken 


f«iriv"ven  appear  to  correlate 

ported  by  RobLmfet  ap" 

evduaaclitortt  'l-'bative 

con.e  to  light  wh  ch  maA  te  ,b 
..o  not  apW’  to 

the  standpoint  of  heat  loss  this  a  odf  f  °  F'-o'" 

tion.  bnt  not  a  valid  o^e  .as  U  a  ‘eld  <^«"''«tiont  .assump- 

chapter.  ’  "  been  discussed  earlier  in  this 
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DISCUSSION  AND  RECOMMENDATIONS 

There  is  no  satisfactory  way  of  combining  the  four  separate  environ¬ 
mental  factors  into  a  single  value  that  would  indicate  the  degree  of 
warmth  or  cold  as  perceived  by  an  individual  under  various  circumstances. 

Physical  integrating  instruments  have  proved  of  little  value,  while  the 
various  sensory,  calorimetric  and  physiological  indices  that  have  been 
proposed  apply  only  to  the  conditions  under  which  they  have  been  deter¬ 
mined.  For  accurate  work,  physiological  responses  to  heat  or  cold  must  be 
evaluated  in  terms  of  jihysical  ciuantities  which  can  be  measured  exactly. 

The  Housing  Commission  of  the  League  of  Nations-^  and  the  Subcom¬ 
mittee  on  Physical  Procedures  in  Air  analysis  of  the  American  Public 
Health  Association-^  recommend  that  in  all  research  and  experimental 
work  the  four  constituent  thermal  factors  be  recorded  separately,  whether 
or  not  special  integrating  instruments  or  emjiirically  determined  indices, 
are  used. 
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CLOTHING,  A  THERMAL  BARRIER 
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CHAPTER  10 


PHYSICAL  PROPERTIES  OF  CLOTHING  FABRICS 


Lyman  Fourt  and  Milton  Harris 


SCOPE 


This  discussion  of  clothing  fabrics  is  concerned  only  with  those  prop¬ 
erties  of  fabrics  which  are  known  to  be  related  to  human  comfort  and 
efficiency.  No  consideration  is  given  here  to  strength  and  durability  of 
fabrics;  the  chief  concern  is  with  functional  properties,  the  effects  of 
fabrics  on  the  passage  of  air,  heat  and  water  vapor.  Some  of  the  ways  in 
which  these  functional  properties  depend  on  the  mechanical  structure  of 
cloth,  yarn  and  fiber,  and  on  the  chemistry  of  the  fibers  and  the  dyes  and 
finishes  apiilied  to  them,  are  indicated,  but  a  great  deal  of  work  on  cor¬ 
relation  of  functional  properties  and  structure  can  only  be  referred  to. 
This  general  discussion  is  less  concerned  with  detailed  structural  charac¬ 
teristics  of  weave  and  yarn  than  with  the  generalized  structural  measure¬ 
ments  of  thickness,  weight  per  unit  area,  fiber  volume,  compressibility, 
resiliency  or  elastic  recovery  from  compression,  and  stiffness  and  resil¬ 
iency  in  bending. 

The  main  emphasis  will  be  directed  toward  laboratory  tests  of  proper¬ 
ties  of  clothing,  blit  always  with  the  question  of  the  significance  of  the 
tests  in  terms  of  the  comfort  and  efficiency  in  mind.  The  major  handicap 


to  the  rational  analysis  of  clothing  is  that  the  human  body  and  its  activi¬ 


ties  are  extremely  adaptable  to  a  wide  range  of  conditions,  so  that  a  wide 
range  of  fabrics  and  garments  can  be  employed  for  a  given  purpose.  In 
service  the  design  of  the  garment  may  be  more  important  than  its  ma¬ 
terial,  but  design  is  not  within  the  scope  of  this  discussion.  Much  of  wh«t 


ave  a  sharp  boundary,  but  it  is  practicable 
e  distance  lietween  two  surfaces  pressing  on 
assure.  Ihe  compressometer,  developed  bv 
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29!^ 

Schiefer,^^  is  a  convenient  instrument  for  measuring  thickness  at  known 
pressures.  Figure  51  shows  it  l)eing  used  to  measure  stiffness  or  resistance 
to  folding.  For  measurement  of  thickness  the  rectangular  pressure  plate 
is  replaced  by  one  of  a  series  of  discs.  With  the  five  inch  disc  the  pressure 
range  of  the  usual  instrument  is  from  0.001  to  0.1  lb  ./in. 2;  with  the  three 
inch  disc,  from  0.01  to  0.25  lb./in.2;  and  with  the  one  inch  disc  from  0.1  to 
3  lbs./in.2 


« 


I'ig.  51.  Comprcs-somcler  used  lo  measure  llesibility,  l.y  measuriiig  I  "  :> 

I  I  a  given  oading.  The  loner  dial  iudieates  ll.iekuess,  ll.e  upper  dial  ll.e  loree  ol  a  u  ■ 
■a  sprirg.  In  nietsuriug  tai.ric  ll.iekuess,  11, is  toree  is  convened  into  pressure  on  li  e 
bric  through  discs  1,  3,  or  ^inches'jnldiameter,  instead  of  the  rectangular  pla  e  usei 

‘xibility  tests. 

Wlien  the  coinpresso.nelcr  was  introduce<l,'>»  ti.ei-e  was  .a  tcndenc.v  to 
•gard  1  Ih./in.^  as  unit  pressure,  and  to  center  ineasnre.nents  around  this 
sure.  Experience  has  shown  tliat  this  is  a  r.ather  heavy  pressure  fm 
dirics  and  tliat  the  cliaraeteristic  ditfercnccs  in  fahric  thickness  s  io 
ctteT’in  t^^  lower  pressure  ranges.  The  weight  of  another  layer  of  tain  e 
ives  an  idea  of  the  appropriate  pressure  range,  hal.nc  weights  aie  co 
Lniently  measured  in  ounces  per  square  yard, 

orrespomls  to  20,74  oz./yd.^  a  very  heavy  weight  for  clothing  textiles. 


293 


PHYSICAL  PROPERTIES  OF  CLOTHING  FABRICS 

From  measurements  of  thickness  through  a  cycle  of  pressures,  includ¬ 
ing  the  release  from  pressure,  a  compression  and  recovery  curve  can  be 
obtained.  The  best  idea  of  compressibility  is  gained  from  the  whole  curve 
of  thickness  against  pressure,  as  shown  in  Figure  52,  but  for  comparative 
purposes  the  ratios  of  thickness  at  two  pressures  can  be  used.  There  is  a 
tendency  for  the  thickness  of  many  fabrics  to  be  proportional  to  the 
logarithm  of  the  pressure,  but  the  range  of  this  proportionality  should  be 
established  for  each  special  type  of  fabric.  It  seems  desirable  to  measure 
thickness  at  the  lowest  pressure  possible,  to  correspond  more  nearly  with 


rektTveiykcompressibl'rc^^^^^^^^^  Pressure  makes  much  less  difference  with 
woolen  o';  pileTfbrS tr """ 

Ihese  areas  measure  the  energy  recowred  o!*'*  I  *''”T 
in  compressing.  co\eied  on  release  and  the  work  done 
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1  he  gross  density  of  a  fabric  is  obtained  from  its  thickness  and  weight 
pel  unit  area.  However,  in  comparing  fabrics  made  from  fibers  which 
differ  in  density,  it  is  useful  to  use  not  the  density,  but  the  fraction  of 
the  volume  which  is  occupied  by  fiber,  which  can  be  olitained  by  dividing 
the  fabric  density  by  the  density  of  the  fiber  substance, 

I  he  flexibility  of  fabrics  also  affects  the  effective  thickness  of  layers  of 
clothing  and  the  relations  with  the  surrounding  air,  since  with  stiff  fabrics 
there  can  be  a  bellows  action  pumping  air  out  of  the  interlayer  s])aces 
during  movement.  With  limp  flexible  falirics,  however,  the  clotli  collayiscs 
onto  the  skin,  fiellows  action  is  negligible,  and  air  sjiaccs  inside  the  cloth¬ 
ing  are  minimized.  The  degree  of  stiffness  required  for  good  bellows  action 
is  considerable,  and  the  extent  of  this  effect  is  highly  dependent  on  gar¬ 
ment  design.  Schiefer  has  devised  a  flexometer  for  measurement  of  fabric 
stiffness-^  and  resilience  in  recovering  from  folding.  However,  the  com- 
pressometer  can  be  used  to  give  a  useful  comparison  of  stiffness  and 
resiliency  by  measuring  the  force  required  to  fold  the  cloth,  as  shown  in 
Figure  51.  The  height  of  the  natural  fold  formed  liy  bending  one  layer 
of  cloth  back  over  another  is  one  measure  of  stiffness;  the  work  required 
to  press  it  down  to  a  given  degree  of  eurvature  is  another.  The  degree  of 
curvature  is  assumed  to  be  tlie  same,  for  fabries  differing  in  thickness, 
when  the  radius  of  curvature  is  the  same  multiple  of  the  fabric  thickness.-” 


CLOTHING  AND  THE  SURROUNDING  AIR 

Even  without  clothing,  the  body  is  separated  from  the  general  environ¬ 
ment  by  a  personal  atmosj)here  of  relatively  still  air,  the  film  layer  famil¬ 
iar  to  engineers  concerned  with  heat  transfer.  Aerodynamic  studies 
have  shown  that  near  a  surface  exposed  to  moving  air  there  is  a  region 
in  which  the  outer  lavers  are  moving  more  rapidly  than  the  layers  nearer 
the  surface,  but  smoothly,  with  streamline  flow.  At  a  certain  distance  from 
the  surface  this  smooth  streamline  flow  breaks  down  and  mixed,  turbulent 
flow  at  the  average  rate  of  flow  of  the  general  environment  is  found,  d  lie 
important  characteristic  of  the  region  of  streamlined  flow  is  that  m  it 
mixing  takes  place  mainly  by  diffusion,  just  as  in  ideally  still  air,  so  that 
these  lavers,  all  moving  more  slowly  than  the  free  air  stream  m  the  genera 
environment,  can  be  regarded  as  a  diffusion  barrier  or  film  of  sti  1  air. 

Even  in  a  closed  room  or  under  telephone  booth  conditions  theic  is  a 
certain  air  movement  near  the  body  by  convection  currents  set  up  by 
differences  of  temperature  or  vapor  content,  as  wel  as  by  body  mo^e- 
ments  Under  such  conditions,  however,  the  still  air  film  reaches  its  maxi- 
mum  thickness.  Calculation  fro...  the  .lata 

evaporation  show  that  this  layer  ca..  be  as  th.ck  a  1.8  ; 

The  effective  thickness  of  this  still  air  layer  can  also  be  estimated  from 

its  effects  a  ;.:at  itisnlator.  altho..gl.  owi..g  to  the  s.a,uh..-,h....on 

in  heat  mea.surements  there  must  le  some  (  ou  )  .  j,^sulatin"  effect  of 
Burton-’  has  jiroposed  a  set  of  standard  va  ue.s  |  and  sig- 

ambient  air  in  terms  of  c7o  units  o  p,esent 

nificance  of  the  do  unit  is  (  iscusse  effect  of  0  A5  inch  of  still  air 

rr  of  air  layers  according  to 
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Burton.  There  is  a  gap  between  the  0.54  cm.  estimated  from  the  largest 
thermal  resistances  of  the  ambient  air,  and  the  1.8  cm.  estimated  from 
evaporation  resistances,  but  both  serve  as  estimates  of  the  thickne.ss  of 
the  air  layer  in  still  air  conditions,  and  both  indicate  that  it  is  much 
thicker  than  the  fabrics  used  for  hot  weather  clothing. 

These  estimates  show  that,  with  low  rates  of  air  movement,  clothing 
which  lies  close  to  the  skin  can  lie  within  the  still  air  zone  which  would 
be  present  even  without  clothing.  INFore  usually,  however,  clothing  adds 
to  the  still  air  layer  around  the  body  by  additional  air  spaces  between 
layers  and  where  the  fabric  stands  away  from  the  skin,  and  by  ])resenting 
a  new  surface  farther  out,  from  which  the  outer  diffusion  layer  can  begin. 
TIowever,  the  clothing  surface  is  not  usually  a  definite  windproof  surface 
like  the  skin,  but  is  more  or  less  porous  and  penetrable  by  wind,  so  that 
experimental  study  of  the  effect  of  fabric  jiorosity  at  different  wind  veloc¬ 
ities  is  needed.  The  effect  of  wind  penetration  through  fabrics  on  heat 
losses  is  familiar  to  everyone  in  a  qualitative  way,  but  exact  knowledge 
of  the  behavior  of  fabric  combinations  is  still  to  be  learned. 

The  air  permeability  can  be  expressed  as  the  number  of  cubic  feet  of  air 
which  pass  through  one  square  foot  of  fabric  with  a  ])ressure  gradient 
usually  set  equal  to  the  pressure  of  0.5  inch  of  water.  The  usual  devices 
for  measuring  air  permeability^^  will  measure  up  to  700  ft.®/ft.^  min.,  but 
some  very  open  fabrics  such  as  knit  structures  and  mosquito  nets  cannot 
be  measured  at  the  usual  pressure  in  this  range.  For  these  lower  pressures 
may  be  used,  and  a  conversion  made  according  to  methods  explained  by 
Rainard23  or,  as  an  approximation,  by  taking  the  flo\y  as  proportional  to 
the  square  root  of  the  pressure.  Tt  should  be  emphasized  that  no  special 
significance  attaches  to  0.5  inch  pressure,  which  is  the  impact  pressure  of 
wind  at  32  miles  per  hr.,  and  that  the  rate  of  flow  at  lower  pressures,  or 
when  fabrics  are  combined  in  series,  is  probably  more  significant. 


CONDUCTION  OF  HEAT  THROUGH  CLOTHING 
Units.  There  is  need  for  standardization  in  the  measurement  of  thermal 
properties  of  clothing,  and  the  American  Society  for  Testing  Materials 
is  attempting  to  secure  this  within  the  textile  field  Numerous  physical 
units  are  in  use  to  express  the  thermal  ,.roperties  of  fabrics.  These  tall  into 
two  types,  the  transmission  or  conductivity  units,  emphasizing  the 
amount  of  heat  which  goes  through  a  given  area  in  a  given  J 
resistance  units,  which  emphasize  the  thermal  gradient  corresponding  to 
unit  ate  of  heat  loss.  These  two  types  of  units  are  luversdy  related  to 

each  other,  so  that  the  reciprocal  of  each 

tind  Tn  nddition  two  .spcciallv  named  resistance  units,  the  clo  and  tne 
1.1  proposal  for  use  in  connection  vsutl,  clothing.  Some  of 

these  units  with  conversion  factors,  are  listed  in  Tc 

Choiee  belween  these  units  is  rather  arbitrary,  but  m  dealing  wid. 

r™  isr,frof  the 

system.  TIerbert  Elirmaii,  National 

Bureau  rStantlard.s.  Washington.  D.  C.,  Section  (  hairnian. 
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Methods.  In  the  aljsence  of  offici.>il  standards,  numerous  experimental 
procedures  are  in  use  in  different  testing  laboratories.  Some  of  these  are 
intended  only  for  arbitrary  comparison,  and  others  are  capable  ot  giving 
physical  measurements  of  thermal  conductivity. 

The  guarded  plate  method  seems  to  have  received  the  most  atten¬ 
tion-’  as  a  physical  measurement.  In  this  method,  a  central 

heated  plate  is  thermostatically  controlled  at  a  set  temperature,  and  is 
guarded  below  and  at  the  sides  by  other  heated  bodies  maintained  at  the 
same  temperature.  The  fabric  to  be  tested  is  laid  smoothly  over  the 
measuring  area  and  the  guard  ring,  and  the  rate  of  loss  of  heat  through 
the  fabric  into  the  air  is  measured  by  the  energy  required  to  maintain  the 
source  at  constant  temperature. 


Table  16.  Thermal  Units 

Transmission  Units: 

1  B.T.U./ft.2  hr.  °F.  =  1.355  cal./m.*  sec.  °C.  =  4.88  kg.  cal./m.2hr.°C. 

1  cal./m.^  sec.  °C.  =  0.738  B.T.U./ft.^  hr.  °F.  =  3.6  kg.  cal./m.%r.°C. 

1  kg.  cal./m.^  hr.  °C.  =  0.'-278  cal./m.^  sec.  °C.  =  0.205  B.T.U./ft.^  hr.  °F. 


Resistance  Units: 

1  do  =  0.88  °F.  hr.  ft.VB.T.U.  =  0.18  °C.  hr.  ui.Vkg.  cal.  =  0.648  °C.  sec.  m.^/cal.  = 
1.55  togs 

1  tog  =  0.1  °C.  m.^/watt  =  0.645  do  =  0.116  °C.  hr.  m.^/kg.  cal.  =  0.567  °F.  hr.  ft.^/B.T.U. 
=  0.418  °C.  sec.  m.^/cal. 

1  °F.  hr.  ft.VB.T.U.  =  0.738  °C.  sec.  m.Vcal.  =  0.205  °C.  hr.  m.Vkg.  cal.  =  1.138  do 
=  1.76  togs 

1  °C.  .sec.  m.Vcal.  =  1.355  °F.  hr.  ft.VB.T.U.  =  0.278  °C.  hr.  m.Vkg.  cal.  =  1.54  do 
=  2.3!)  togs 

1  °C.  hr.  m.Vkg.  cal.  =  4.88  °F.  hr.  ft.VB.T.U.  =  3.6  °C.  m.^  .sec./cal.  =  5.56  do  = 
8.62  togs 


Poirer  Units: 

1  watt  =  3.41  B.T.U./hr.  =  0.23!)  cal. /sec.  =  0.86  kg.  cal./hr. 

In  interpreting  the  results  of  such  tests,  it  is  essential  to  know  the  rela¬ 
tion  of  the  air  above  the  fabric  to  the  tests.  As  used  at  the  National 
of  Standards,*^’  the  air  above  the  fabric  is  confined  in  a  hood  and 
IS  still,  except  for  heat  convection  currents,  but  in  experiments  by  Peirce 
an  ®es  ’  “  at  the  Shirley  Institute  there  was  always  relative  motion 
between  the  air  and  heat  source.  The  objective  aimed  at  in  producing  an 
air  movement  is  to  take  account  of  the  penetrating  effect  of  wind  How¬ 
ever,  the  experiments  merely  illustrate  this  effect,  without  indicating  the 
degree  to  which  it  corresponds  to  experience  or  varies  with  wind  vldtv 

arntl  •  “’V  '  “  exposed  to  .<iir,  and  from  sep- 

eva,n,ate  tbe  effe'et 

suJL:rt:arr„lnT?h3:::,‘ai.^  “-ft  ‘'™ 

developed  by  Fitch^i  has  bopn  i  •  *  i  ”  method,  and  a  device 

.uf  a, .a.  under  a  prS^  or' 
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Elimination  of  the  air  layer  makes  these  methods  more  suitable  for  meas¬ 
uring  the  resistance  of  thin  fabrics. 

Results.  Investigations  of  the  thermal  character  of  cloth  agree  in  show¬ 
ing  that  the  main  factor  in  insulating  value  is  thickness.  Thus  Schiefer 
and  others,^"  comparing  15()  blankets  of  various  materials  and  thicknesses, 
and  some  thirty  or  more  knit  underwear  fabrics,  found  that  the  resistance 
could  be  quite  accurately  calculated  from  the  thickness.  Similar  findings 
have  been  reported  by  Peirce  and  Rees,-'  Speakman  and  Chamberlain,^^ 
and  in  work  with  the  modified  Fitch  apparatus.  However,  owing  to  dif¬ 
ferences  in  the  conditions  of  measuring  thickness,  or  in  air  movement  in 
the  aiiparatus,  the  results  of  different  workers  differ  in  detail,  as  shown 
by  the  equations  collected  in  Table  17,  all  reduced  to  °C.  m.-  sec./ cal.  as 
a  resistance  unit.  These  equations  show  the  total  resistance  measured  in 

Table  17.  Compauison  of  Measi  uements  of  Resistance  of  Kabuics  in  Relation  to 

Thickness 


T 

Pressure  for 

'total 

Measuring 

Resistance, 

riiickne.ss  Term 

System  -p 

System 

t  =  cm. 

Fabric 

Constant 

d  =  density, 

'Pliick- 

Resist- 

°C.  m.^  sec./ 

gm./cm. 

ne.ss 

a  nee 

cal. 

lb./in.2 

11). /in.^ 

R  = 

0  4()  1  -|- 

0.87t 

0  1 

zero 

R  = 

0. 17(i  + 

1  ()4t 

0  (K)l 

zero 

R  = 

(I  013  + 

0  (ill 

0  1 

0  1 

R  = 

0  010  -f 

(0.801-0.()39d)t 

♦ 

1 

* 

.\ir  Conditions 


air  confined  in  luxxt 
moving  KH  cm. /sec. 
l)et\veen  plates  mini¬ 
mum  air  layer 
between  plates  mini¬ 
mum  air  layer 


Refer¬ 

ence 


32 

21 

15 

85 


fabrics). 

tl.e  apparatus,  as  tl.e  sl.m  of  a  constant  tenn  for  air  layers,  and  a  term 

iiivolvimr  thickness  of  the  fabiic  itself.  ^ 

T1  e  dmercncc  in  the  constant  terms  of  these  eqnat.ons 
of  the  still  air  layer  next  to  the  fahrie.  S.nee  the  /'''^^ness  of 
varies  with  the  pressure  under  winch  ,t  ,s  measured,  ® 

value  of  a  man’s  usual  unit  of  resistance,  is 

and  Uecs^'  have  estimated  tha  ^  h- •  discuss 

equivalent  to  human  subjects  or  heated 

dumr^aml  the  deriv.:‘tiou  of  elo  values  of  the  clothing  from  such  meas- 
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urenients.  Factors  which  complicate  these  comparisons  are  variation  in 
skin  temperature  at  different  areas,  variations  in  the  air  layers  contained 
in  the  clothing,  and  variations  in  the  clothing  itself,  from  perhaps  none 
over  the  face  or  hands  to  overlapjiing  thicknesses  about  the  waist.  Coch¬ 
ran  and  Siple"  have  used  0.25  inch  of  clothing  material  and  air  layers,  the 
air  layers  not  exceeding  0.2  inch,  as  equivalent  to  1  do.  For  comparison 
with  the  equations  relating  to  cloth  thickness,  4  clo/inch  =  1.02  °C. 
m.“sec./cal.  per  cm. 

Minimum  Perceptible  Difference  in  Fabrics.  Although  much  of  the 
interest  in  the  insulative  power  of  fabrics  is  directed  toward  the  warm 
fabrics,  such  as  blankets  and  protective  clothing  for  the  cold,  it  is  also 
desirable  to  know  the  effect  of  lighter  fabrics  such  as  those  of  summer 
clothing  on  heat  loads.  The  measurements  between  plates  are  best  suited 
for  this  purpose,  and  some  representative  results  are  shown  in  Table  18. 

The  two  cotton  fabrics  are  reeognizably  different  in  coolness,  according 
to  tests  conducted  by  Robinson  and  Ferry“^  on  army  uniforms  made  of 
these  materials.  Similar  measurements  on  lighter  weight  civilian  shirtings 


B  Table  18.  Thermal  Resistance,  Measttred  Between  Two  Plates 


Fabric 

Wt. 

oz./yd.2 

Thickness* 

Resistance* 

in. 

cm. 

°C.  m.2 
sec. /cm. 

do 

Cotton,  poplin  shirting. .  .  . 
Herringbone  twill. . 

Wool,  serge,  16  oz . 

6.2 

8.1 

10.4 

14.0 

0.018 

0 . 024 
0.089 
0.127 

0 . 046 
0.061 

0 . 099 

0  328 

0 . 083 
0.039 

0 . 072 
0.185 

0  051 

0 . 060 

0  111 

0 . 285 

Wool,  blanket. . . 

*  Both  measured  under  a  pressure  of  0.1  Ib./in.^ 


which  could  be  recognized  as  different  confirm  this  indication  tl.at  the 

mimum  recognizable  difference  is  at  least  as  small  as  0.006  °C  ni  2  sec  / 
cm.,  or  0.01  do.  acc./ 

Differences  Between  Fabrics  and  Fibers.  The  important  question  of 

bv  t™'Sng*thrt^r?  r"'  not  answered 

e  hnding  that  insulating  power  is  proportional  to  thickness  Other 

fac  ors,  ,1,  ,3  I  permeability  are  mportant 

“.tile  rr,fcre'frorT!^j:\a?t-:tf^  of 

yarns  in  weaving  formation  of  a  r,T  ”  twist  in  yarns,  spacing  of 
by  napping  or  br'nsbing  Once  i  a’'  o'"  raising  loose  fibers 

Jtr  sr.,3;:  s r:"”' 

shown  in  Table  19  aloim  vPL  f  f'^"\them.  The  fiber  densitv  is 

computed  by  H.  D^Vitt  Smitli^'r  fn^ibllcnlsfcirof 'll 

-ch  to  the  utilization  of  fiber  proper. ielAIV:  oil  ^HilllTC 
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to  bending  varies  with  the  fourth  power  of  the  diameter,  and  that  by 
selection  among  the  natural  fibers  and  by  choice  of  maiuifactiiring  condi¬ 
tions  in  the  man-made  fibers  one  can  get  a  large  range  of  diameters,  the 
possibilities  open  to  textile  engineering  arc  seen  to  be  large. 

The  use  of  continuous  filament  yarns  such  as  silk,  nylon  or  rayon  results 
in  the  thinnest  possible  fabrics,  since  the  long  straight  filaments  lie  closely 
together  in  compact  yarns.  Spun  yarns  of  cut  filaments  (rayon,  nylon, 
silk)  or  the  natural  staple  fibers  are  more  bulky  and  hairy.  Wool  is  promi¬ 
nent  among  the  fibers  in  imparting  loftiness  and  low  density  to  yarns  and 
fabrics.  One  reason  for  this  is  the  natural  crimp  of  fine  wool,  which  in  the 
textures  used  for  clothing  has  .some  ten  or  more  undulations  or  crimps 
jier  inch.  Another  reason  is  the  superior  elasticity,  both  for  long  and  short 
range  extension,  of  wool  comjiared  with  other  fibers.  These  two  properties 
show  up  in  compressional  resiliency,  Schiefer'^-  having  found  that  the 
compressional  resiliency  of  blankets  made  from  mixtures  of  cotton  and 
wool  increases  in  proportion  to  the  wool  content. 

Combined  measurements  of  thickness  and  weight  yield  certain  indices 
which  are  useful  for  correlating  fabric  properties  with  performance.  An 


Table  19.  Fiber  Properties 


Fiber 

Density 

Relative  Stiffness 

l.U 

8.0 

mik  . 

1.35 

5.0 

Wnol  . 

1  3^2 

14 

1.3‘2 

17 

1  50 

93.0 

1 .5i 

5.0 

1  51 

20 . 0 

2  54 

100.0 

important  tvpe  of  combined  measure  is  the  tliermai  resisia.  co  u.... 
weight  Since  weiglit  of  a  textile  means  weight  per  unit  area,  the  eomhina- 
tion  with  the  alreaily  complicated  thermal  resi.stancc  units 
Such  units  as  do  per  ounce  per  square  yard  might  lie  used.  m‘ 

Peirce  ®  have  introduced  Thermally  Effective  Specific  1  olume.  T1.S\ 
which  is  the  thickness  of  the  eipiivaleiit  air  la.ver  divided  by  he  we^^gh 
of  the  fabric  per  unit  area.  The  thickness  of  the  equivalent  air  " 

.iimse,  anoth’^r  way  of  expressing  the 

I's'"  Snril):::!  rai'r nh-:  -  iS  pr'actiem  exp?rinientiil 
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that  the  lower  resistance  of  4  do  per  inch,  equivalent  to  0.244  tog/mm., 
should  be  taken  as  a  practical  measure  of  the  insulating  values  of  air 
layers  under  ordinary  conditions  of  ineasurement. 

Some  general  results  established  by  measurements  of  thermal  effici¬ 
ency  should  be  noted.  The  thermal  resistance  of  open  structures  exposed 
to  wind  is  increased  by  covering  with  a  wind  resistant  layer,  and  it  is  also 
found  that  fleeces  or  batts  of  fiber  give  structures  of  lower  density  than 
any  woven  structure.  When  a  large  amount  of  insulation  is  needed,  a 
quilted  combination  structure  of  batt  and  cover  can  show  superior  ther¬ 
mal  effectiveness  per  unit  weight.  When  the  insulation  requirements  are 
not  high,  however,  the  weight  of  the  wind  proof  layer  and  the  inner  lining 
of  the  quilt  can  result  in  a  low  thermal  effectiveness  for  the  combination 
as  a  whole. 

In  addition  to  thickness  and  density,  fabrics  differ  from  each  other  in 
character  of  the  surface.  This  results  both  from  structural  factors  intro¬ 
duced  in  weaving  or  knitting,  and  from  the  choice  of  fibers  in  the  yarns. 
The  surface  character  determines  the  warm  or  cool  feel  of  fabrics  which 
is  recognized  immediately  upon  touching  them,  due  to  quick  local  cooling 
of  the  skin,  by  drawing  heat  into  the  fabric.  Since  fibers  do  not  differ 
gieatly  in  their  specific  heats  nor  in  the  thermal  conductivity  of  the  fiber 
substance,  this  effect  depends  on  the  fraction  of  the  gross  surface  which 
is  in  actual  contact,  and  the  mass  of  fiber  back  of  it.  For  this  reason  fabrics 
woven  of  filament  yarns,  and  linen,  with  its  long  straight  fibers,  tend  to 
feel  cooler  than  the  more  hairy  cotton  fabrics,  and  wool,  with  its  springy, 
lairy  surface,  feels  warmest  of  all.  Wool  preserves  this  elastic  hairiness 
even  while  wet  to  a  greater  degree  than  other  fibers.^*^ 


RADIATION  AND  CLOTHING  FABRICS 
Ihe  relationship  between  clothing  fabrics  and  radiant  energy  divides 
into  two  parts;  one  comprises  the  relations  with  the  energy  in  sunlight 
which  IS  111  and  near  the  visible  range,  and  the  other  deals  with  the  energy 
n  the  longer  wave  length  infra-red  radiation  from  the  body  itself  and 
om  the  surroundings.  The  infra-red  radiation  from  the  bod/irqu  te 
different  from  that  in  sunlight,  since  there  is  very  little  energy  Tt  Tve 
lengths  shor  er  than  5  microns,  and  the  peak  of  body  radiaSs  at  about 
thm^ro”^’  ^  energy  of  sunlight  is  negligible  at  wave  lengths  lonoer 

togranhie  absorption  in  the  atmosphere.^^a  xhe  pho- 

niicrons.^®*^  ’  ’*  ^^lerons,  to  about  0.86 

and  partly  ILorS'Tlfeibso^^^  'f  reflected 

a  balance  is  established  between  ptIp  f  f'^  cloth  or  skin  until 

of  energy,  either  by  re-radiation  or,  iif  thrcase'rf  the'^irr 
evaporative  cooling.  The  re-radintinn  pf  ‘  increased 

wave  lengths.  radiation  of  energy  takes  place  at  the  long 

The  two  radiation  regions  differ  in  HipIt.  oi 
acteristics.  Selective  absorption  and  ‘‘‘''d  reflection  char¬ 

ge  to  color,  and  many  s„bstanc;s  show  s!^a;n:r\VsmpU:;“:„d 
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characteristics  in  the  near  iiit'ra-red.  The  ettect  of  different  dyes  on  the 
absorption  of  energy  has  been  recently  studied  by  Dahlen  and  others’^ 
and  by  Rees,-*"  showing  tliat  visually  similar  shades  i)rodnced  by  different 
dyes  can  differ  api)reciably  in  absorption  of  heat  from  sunlight.  Also,  it  is 
easily  demonstrated  that  the  lighter  shades,  especially  white,  are  cooler 
in  sunlight  than  darker  shades,  yet  every  summer  the  stores  advertise 
“cool  black”  dresses.  This  particular  confusion  probably  arises  from  the 
association  of  coolness  with  shadows  and  from  the  fact  that  the  covering 
power  of  black  permits  a  more  porous  or  thinner  fabric  to  be  used.  It  is 
probable  that  in  actual  practice  such  black  materials  are  not  worn  much 
in  bright  sunlight,  and  indoors  or  in  indirect  light  the  absorption  of  energy 
in  the  form  of  visible  light  is  not  usually  a  problem. 

In  cold  environments,  on  the  other  hand,  it  is  desirable  to  reduce  the 
loss  of  energy  by  long  wave  length  infra-red  radiation.  L)uI3ois  and  Hardy 
have  demonstrated  that  the  loss  by  radiation  from  the  naked  body  in¬ 
creases  with  decreasing  air  and  wall  temperature  until  at  22  C.,  an 

ordinary  room  temperature,  the  loss  by  radiation  is  equal  to  the  basal 
metabolism,  and  amounts  to  about  two  thirds  of  the  total  loss.  These 
investigators  have  shown  that  in  this  range  of  wave  lengdhs  the  skin  is 
effectively  a  perfect  absorber  or  emitter  of  radiation,  acting  like  a  black 
body.  The  same  can  be  shown  to  be  true  of  all  the  clothing  materials 

except  those  containing  exposed  metal. 

The  metals  are  the  only  materials  which  show  high  reflection  of  radia¬ 
tion  throughout  the  infra-red,  and  the  problem  is  to  use  them  effective  y 
in  clothing.  The  effect  of  metals  on  radiation  is  two-way;  they  not  only 
reflect  the  radiation,  but  also  prevent  its  emission.  Ihe  two  effects  are 

related: 

reflectivity  (%)  =  100  -  emissivity  (%) 

and  this  relationship  can  be  used  as  a  basis  of  measurement.  Instead  of 
considering  metals  in  two  ways,  as  reflectors  and  as  non-einitters  of  ra  la- 
tion,  it  is  useful  to  consider  them  as  barriers  to  the  conversion  of  energj 

‘"Tl'e  conl"ept  of  metals  as  radiation  barriers  brings  out  an  important 
a  barrier  only  if  it  noniairl"  passage  of  heat 

•  1  Ihetrm  ol^mlecular  niotio;i;  ti.at  is  to  cimduction;  it  is  »  barr^ 
to  the  conversion  of  energy  “  -  i3,i,e  surface 

lacquered  to  protect  '  thick  »■’”  Fabric  in  contact  with  the 

if  it  is  more  than  about  one  mici  pmissive  surface.  Thus,  metal 

metal  rejilaces  the  '' '  layers  or  woven  in  as  invisible 

cannot  be  inserted  as  a  lining  le  outer  surface  of  the  garment 

threads,  but  needs  to  be  radiation  This  effect  can  be  seen  in 

where  it  can  function  as  a  .pest  No.  4. 

“ShSsm- 

l^ct  within  r'dli;  br^secure  an'  elective  degree  of  exposure  by 
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means  of  a  sandwich  structure,  with  a  layer  of  very  open  knjt  separating 
two  metal  layers.  The  effect  obtained  is  illustrated  by  the  thermal  trans¬ 
mission  measurements  in  Table  20,  which  show  that  as  much  can  be  gained 
from  metal  in  such  a  sandwich  structure  as  when  it  is  freely  exposed  at 
the  outer  surfaee. 

It  is  also  necessary  to  consider  how  the  metal  is  to  be  combined  with 
textiles  to  secure  a  highly  reffecting  surface  and  at  the  same  time  have  a 
strong,  lightweight,  vapor-permeable  fabric.  Table  21  summarizes  the 
properties  of  the  best  examples  of  several  types  of  combination.  The  last 
type,  vacuum  deposited  aluminum,  gave  the  highest  reffectivity  and  had 
the  best  fabrie  properties,  so  it  was  used  in  trials  to  find  the  best  type  of 


Table  20.  Effect  of  Radiation  Barriers  on  Thermal  Resistance 
(Unit,  °C.  m.*  sec./  cal.) 

(Tliermal  transmission  measurements  by  method  of  Cleveland.®) 


Test 

Number 

Arrangement  of  Materials  on 
Thermal  Transmission  Device, 
from  Source  of  Heat  Below  to 
Air  Space  Above 

Total 

Measured 

Thermal 

Resistance 

Total  Resistance 
Less  Air  Space 
Resistance 
Equals  Resist¬ 
ance  of 
Clothing 

Comparisons: 

Thermal 

Resistance 

1 

No  fabric,  air  space  alone . 

0.46 

0 . 00 

2 

Metallized  cloth,  cloth  side  up*. .  . 

0  52 

0 . 06 

3 

Metallized  cloth,  metal  up* . 

0.86 

0.40 

Effect  of  exposed  metal 

0.34 

(Test  3 — Test  2) 

4 

Metal  cloth,  two  layers,  metal  in 

center . 

0.54 

0 . 08 

5 

Open  knit . 

0.84 

0.38 

6 

Open  knit  between  two  layers  of 

plain  cloth . 

1.10 

0.64 

7 

Open  knit  between  layers  of  metal 

cloth,  metal  towards  knit. . 

1.43 

0.97 

Effect  of  metal  exposed  to 

0.33 

spacer 

*  'T'l. 

(Test  7 — Test  6) 

*  The  metallized  cloth  had  a  relative  emission  of  40  per  cent,  reflectivity  60  per  cent 


“ifthe  "1  ■’’'■“"'‘'i''  clothing,  even  thougl, 

all  the  problems  of  making  such  coatings  durable  were  not  solved 

ing  rthar  heTnt  t-  f”-'  p™t«^etive  cloth- 

total  ra'istai  ee  tr  ‘  a<l<'ed  to  increase  the 

remains  open  of  some  advantages  in  connection  wdaiimateTl'flying  clollh 
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ing,  if  the  difficulties  of  garment  assembly  and  of  providing  a  durable, 
highly  reflecting  layer  can  be  solved.  It  should  be  noted  that  gains  in 
insulation  from  radiation  barriers  tend  to  be  lost  by  increased  convective 
loss  through  the  open  meshes  of  the  spacer.  An  infra-red  barrier  used  as 
the  outside  surface  is  also  sensitive  to  wind,  because  for  a  given  thermal 
resistance  an  infra-red  barrier  will  have  a  higher  surface  temperature.  The 
dilemma  confronting  the  designer  of  infra-red  barrier  clothing  of  high 
thermal  efficiency  is  the  fact  that  the  barrier  has  more  effect,  the  larger 
the  thermal  gradient,  but  that  large  thermal  gradients  in  clothing  promote 
convection  loss.  i 


Table  21.  Infra-bed  Barrier  Fabrics 


Fabric  Type 

Example 

Comment 

M’eight 

oz./yd.* 

Reflectivity 

% 

Continuous  layers  of 
metal . 

Aluminum  foil 

Fragile 

91 

Aluminum  foil  ce- 

Stiff,  impermeable 

7.4 

91 

Lame — thin  metal  strips 
woven  into  cloth . 

mented  to  cloth 

Best  reflection  found 

Scratchy,  prone  to 

4  to  5 

38 

Tin.sel-metal  ribbons 
wrapped  around  yarns. 

in  this  type 

Best  reflection  found 

snag 

Better  flexibility 

36 

Metal  powder  mixed 
with  plastic  and  coated 
on  cloth . 

in  this  type 

Aluminum  powder  in 

than  lam^ 

Water  and  water 

8.2 

45 

Metal  powder  adhering 

pyroxylin,  top 
coat  in  acrylate 

Gold  cloth  (used  in 

vapor  imperme¬ 
able.  Stiff,  espe¬ 
cially  in  cold 

Better  use  of  metal. 

7.2 

60 

to  surface  of  coated 

cloth . 

Metal  evaporated  onto 
cloth  in  vacuum . 

Table  20) 

Aluminum  on  hot 

Impermeable 

Flexibility  and  per- 

1.9 

80 

calendered  acetate 

meability  of  cloth 
retained.  Mater  re¬ 
moves  coating 

Some  specialized  applications  of  radiation  barriers  snouiu  ^ 
nut  however.  Applied  to  the  inside  of  an  arct.c  tent  or  an  one  raf  nv 
U™  barriers  eoldd  prodnee  a  gain  in  the  radiat.on 

smee  without  the  need  for  an  equivalent  increase  m  air  temperati  . 
Trials  have  been  ma.le  of  the  effeet  on  the  ‘<^>'.'P“atnrc  msuk  a  tent 
the  sun  The  reduction  in  air  temperature  inside  a  closed  tent  ‘s  ti”  ^ 
eomparod  with  that  which  can  be  obtain.l  'hv  ™‘‘t::d: 

However,  the  radiation  from  ^,1, i,y  the  Icmperatiirc 

that  is,  the  tent  casts  a  cooler  „„l,y„t,^ti'vc  values  inside  a 

measured  between  a  blanket  and  a  sheet,  |  ■  . 

plain  tent  would  be  100»  F.  as  coinpared  "  ‘  ioi»  and 

Idumimim  cloth.  The  air  temperatures  in  the  eh  «d  teats  wei 

99°  F.,  respectively,  with  91°  F.  in  the  shat  e  on  si 
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The  thermal  resistance  of  an  air  mattress  can  be  increased  if  the  inside 
of  the  tubes  is  coated  with  aluminum  powderd  A  layer  of  aluminum  on 
the  outer  surface  of  asbestos  suits  for  fire  fighters  and  rescue  crews  would 
reduce  the  absorption  of  heat  radiated  from  the  fire.  Attempts  to  provide 
suits  of  this  type  for  air  raid  defense  were  made  in  Germany  toward  the 
end  of  the  war.^*^  All  of  these  are  examples  of  opportunities  for  using 
exposed  barrier  surfaces  in  situations  relatively  independent  of  convection. 


CLOTHING  IN  RELATION  TO  WATER  AND  WATER  VAPOR 

Clothing  also  affects  the  relation  of  the  body  to  water  or  water  vapor. 
Depending  on  its  degree  of  water  proofness  or  water  repellency,  clothing 
can  protect  the  body  from  rain  or  even  from  immersion.  When  insulation 
is  required  to  reduce  heat  loss,  an  outer  water-resistant  layer  aids  by 
keeping  the  underlying  layers  dry  and  filled  with  air.  When  the  clothing 
absorbs  liquid  water,  its  thermal  conductivity  and  thermal  capacity 
greatly  increase,  and  it  tends  to  collapse  onto  and  cling  to  the  skin,  reduc¬ 
ing  the  insulative  effect  of  air  layers  to  a  minimum.  In  addition,  when 
the  clothing  is  wet,  the  point  of  evaporation  is  shifted  from  the  skin  level 
into  the  clothing.  This  lessens  the  efficiency  of  cooling,  in  that  a  larger 
amount  of  the  heat  taken  up  in  evaporating  a  given  amount  of  water  is 
drawn  from  the  environment,  and  a  smaller  amount  from  the  body,  but 
it  increases  the  effectiveness  of  evaporative  cooling  by  eliminating  the 
clothing  as  a  resistance  to  evaporation. 

Absorbed  Water.  An  important  aspect  of  the  relationship  between 
clothing  and  water  vapor  is  the  inertia  effect  of  the  absorptive  capacitv 
of  clothing.  The  danger  of  chill  from  clothing  wet  with  sweat  after  exercise 
IS  a  familiar  example  in  which  the  inertia  arises  from  the  liquid  water  held 
m  the  clothing.  But  even  without  involving  liquid  water  at  all,  there  is  an 
inertia  effect  from  the  capacity  of  the  fibers  to  adsorb  water,  as  demon¬ 
strated  by  Baxter  and  Cassie.^  This  means  that  some  of  the  evaporative 
cooling  at  the  skin  surface  is  canceled  by  the  release  of  the  heat  of  adsorp¬ 
tion  111  the  clothing.  This  lag  in  cooling  opposes  the  needs  of  the  body 
since  It  happens  under  conditions  calling  for  increase  of  evaporation.  From 
this  point  of  view,  fibers  which  show  less  tendencv  to  adsorb  water  such 

rnHnn  ^  of ''ighei'  absorptive  capacities  such  as  cellulose  rayons 
cotton  and  wool.  On  the  other  hand,  the  fact  that  wool  has  a  lareer  ab’ 

ioTheli  conse^ailT 

that  approached  from  the  wet  The  effect  T  than 

scopic  moisture  is  smaller  than  tl.  t  f  1  temperature  on  the  hygro- 

ind^Xx;‘rnia 

and  40=  C.  in  the  tendency  of  wool  and:;h:Xers\:ri:rrwatr?: 
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ettccts  are  largely  dependent  on  the  rale  of  movement  of  moistiire-laden 
air  through  the  fabric  and  the  rate  of  dissipation  of  heat,  since  Baxter 
and  Cassie'^  have  shown  that  libers  very  (piickly  come  into  eipiilibrinm 
with  their  immediate  environment.  However,  Nelbach  and  Ilarrington“'’ 
have  shown  that  in  a  suit  of  wool  clothing  the  changes  in  the  first  hour 
can  amount  to  44  kg.  cal.  of  heat  of  condensation,  which  is  roughly  half 
the  basal  rate  of  heat  ])rodnction. 

In  heavy  arctic  clothing  and  in  sleci)ing  bags  the  problem  of  water  con¬ 
tent  in  relation  to  thermal  insulation  becomes  important.  Belding^  has 
shown  that  the  clo  value  decreases  as  the  water  content  increases.  One 
can  expect  moisture  in  heavy  layers  of  clothing  to  act  like  the  steam  in  a 
heating  system,  j)romoting  heat  transfer  by  alisorbing  heat  near  the  body, 
transferring  it  by  diffusion  as  a  vapor,  and  giving  it  off  again  by  escape 

Table  2'2.  Abridged  Table  of  Adsorption  Regains 


Relative  Humidity 

% 

^Voolt 

25°  C. 

Cotton  t 

25°  C. 

Viscose  S 

25°  C. 

Acetatef 

25°  C. 

Nylon  II 
23.9°  C. 

10  . 

4  15 

2.0 

3.8 

0  9 

11 

!:>().  . 

(1  00 

3  0 

5.7 

1.7 

1.4 

30  . 

7.S4 

3.8 

7.3 

2.4 

1 .7 

40  . 

9  (15 

4  7 

8.7 

3  2 

2.3 

50 . 

1 1  50 

5  5 

10  3 

4  2 

2.8 

3  4 

4  1 

5.0 

(10  . 

13.50 

0.5 

119 

5  3 

70  . 

15.00 

7.7 

13  9 

0.7 

SO  . 

18.30 

9.5 

10.7 

8  4 

00  . 

22  25 

12.8 

21.5 

11.0 

5 .  t 

05  . 

25 . 00 

15.0 

20  1 

13.0 

0.2 

07  . 

— 

— 

— 

- 

- - - 

— 

♦  For  desorption  values  and  other  tempera  u.es  ThV, 

2‘21-3,  194t. 

•IS  vauor  or  bv  condensation  in  the  outer  layers.  In  laboratory  tests  of 
conductivity  it  is  usual  to  condition  ‘‘'I'  '"'7' 

tests  are  always  under  dric.  skin, 

.,rfSdnr.r«::^,o)3£oneariJ 

rehition  to  the  sui rounding  mass  ditfusion  barrier  which 
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suitable  unit,  since  readily  usable  laboratory  technics  give  results  con¬ 
sistent  with  the  accepted  diffuson  constants  of  International  Ciitical 

Tablesd^  _  .  i 

The  total  resistance,  R,  of  a  system  is  given  in  equivalent  centimeters 
of  still  air,  in  terms  of  Q,  the  grams  of  water  vapor  passing,  D,  the  diffu¬ 
sion  coefficient,  AC,  the  difference  in  vajior  concentration  in  grams/cm.^, 
A,  the  area  in  cni.^,  and  t,  the  time  in  seconds,  by  the  equation 

R  =  i  D  (AC)  At 
Q 

This  has  been  made  the  basis  of  a  method  of  measurement  of  diffusion 
resistance^-  in  which  the  resistance  of  a  single  layer  of  fabric  can  be  deter¬ 
mined  as  the  increase  in  total  resistance  per  added  layer. 


'v-eaving  density  on  resistance  to  diffusion  of  water  vapor,  for  several 

oecn^ied  LX"d^l  U  ‘V’''  percentage  of  the  wliole  volume 

ide-d  tni  aff  resistance  is  in  comparison  to  that  of  an  equal  thickness  of 


neJs^alK^if.^“''L''^  "" ''  7""''  the  kind  of  fiber,  the  thick- 

ss,  and  Its  tightness  of  weaving.  With  glass  and  vinyon,  the  resistance 

nci  eases  rapidly  with  density,  showing  that  the  main  path  wav  through 

ghtest  weaving  produces  resistances  only  four  to  eight  times  that  of  nir 
While  ordinary  fabrics  range  from  two  to  four  times  aif  T  i  h  dicftes^^^^ 

pied  l,v  the  ftM'efexL  d  1  uir  '’  "'"f'T  occu- 

elosely  similar  since  the  11  .0^1')"'  f*''”** 

sufficiently  availahle.  Fi,„re  .. 
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the  ratio  of  the  fabric  resistance  to  that  of  an  equal  tliickness  of  air,  as  a 
function  of  fiber  volume.  Nylon  and  cellulose  acetate,  which  are  inter¬ 
mediate  in  their  absorption  tendencies,  are  also  thermoplastic  and  can  be 
fiattened  by  calendering  between  hot  rolls  to  secure  higher  fiber  volumes 
than  by  weaving  alone.  With  such  calendered  fabrics  the  fabric  resistance 
may  be  unusually  high.  Water-repellent  treatments  which  make  the  fiber 
surface  hydrophobic  but  do  not  close  the  pores  of  the  fabric  have  no  effect 
on  the  evaporative  resistance. 

Effects  of  Wind  and  Fabric  Porosity.  It  is  only  under  the  diffusion 
conditions  used  in  these  measurements  of  fabric  resistance  that  the  evap¬ 
orative  resistance  is  so  independent  of  weaving  texture  or  air  i)ermeability. 
Clothing  as  worn  is  exposed  to  moving  air,  and  common  experience  indi- 


Table  23.  Air  Permeabilitie.s  of  Representative  Fabrics* 


Fabric 


None — rate  of  flow  which  gives  0.6  inch  impact  pressure. 

Wire  screen,  J  inch . 

Mosquito  net . 

Very  open  weave  shirt . 

Knit  cotton  undershirt  or  T  shirt . 

13  civilian  shirts  (broadcloth  or  Oxford  weave):  range. . . 

Average . 

Palm  Beach  suits— range  of  5 . 

Light  worsteds,  gabardines,  tropicals— range  of  6 . 

Seersucker  suiting — range  of  5 . . 

British  Cellular  Weave— experimental  Array  fabric . 

Herringbone  twill — Army;  range,  18  lots . 

Av'erage . 

Cniform  twill,  8,2  oz..  Army . 

Poplin,  6  oz..  Army . 

Byrd  cloth,  wind  resistant . 

JO  cloth  (special  wind  resistant) . 


Air 

Permeability 


2800 

1700 

1300 

395 

220 

233-24 

93 

129-91 

60-42 

41-50 

40 

25-6 . 5 
13 
12 
6 
3 

0.9 


♦  All  air  permeabilities  are  in  ft.Vlt.’.nin.  at  a  pressure  difference  <-qn.sUo  OA 
PerineabiliUes  above  700  are  estimated  Irom  measurements  at  lower  pre  sure  dillcrences, 
taking  the  permeability  as  proportional  to  tbe  square  root  ot  the  pressnre  different  . 

cates  the  value  of  relatively  porous  elothhig.  For  this  rcasou,  there  tvas 
cousirleral.le  surprise  at  the  first  reports  frotu  .\ustralmu 

tnipieal  eou.litions  than  the  more  porous 

combat  clothing.  These  reports  set  off  a  series  ,X- 

.r  . . . . .  i.,,.,!... 
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imposes  no  greater  burden  than  moderately  tight  weaving.  This  is  im- 
j)ortant  for  military  fabrics  where  wind  and  rain  resistance,  strength,  and 
resistance  to  insect  bites  are  to  be  combined  in  the  same  fabric. 

In  assessing  the  influence  of  porosity  on  comfort,  it  is  helpful  to  con¬ 
sider  the  range  of  permeabilities  used  in  clothing  fabrics.  Table  23  lists 
representative  air  permeabilities,  including  a  nundjer  determined  on  civil¬ 
ian  summer  clothing.  This  table  indicates  that  most  clothing  fabrics  are 
in  the  range  of  permeabilities  below  500.  It  also  shows  that  the  fabrics 
used  in  Army  uniforms  are  lower  in  permeability  than  many  fabrics  used 
for  civilian  clothing. 

Methods.  In  physical  studies  to  determine  the  relation  between  air 
permeability  of  fabric,  wind  speed  and  evaporative  cooling,  an  artificial 
sweating  man  apparatus  has  been  used.^^  This  consists  of  a  cylinder  of 
wet  blotting  paper,  internally  heated,  surrounded  by  a  cylinder  of  ^  inch 
mesh  wire  screen  which  supports  the  fabric  under  test,  as  shown  in  Figure 


Fig.  54.  Artificial  awcaliag  man  apparatus,  set  up  tor  experiments  in  a  wind  tuuuel. 

5-t.  Evaporation  takes  place  from  the  sides  and  top  of  the  cvlinder  whi 
las  a  vvor  tug  height  of  30.8  cm.  and  diameter  of  20.9  cm  area  0  Lsfi 
The  rate  ol  evaporation  is  obtained  by  weigliiiig Tt  b  tm  v.dc  rt 

lhrre'’rat'loss  or  tronlL^^ 

obtained  as  tlie  difference  betvveen  the  otou' TItis 
by  evaporation.  The  heat  ^ 


Two  of  the  differences  between  thf^  •  1 
anti  a  man  wearing  clothing  shonid  be  ^i.pl.asizeTo'^l^rttlirrtb 
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ing  of  the  apparatus  is  dry,  since  it  is  lield  away  from  contact  with  the 
skin.  The  other  is  that  the  skin  is  always  100  ])cr  cent  wet,  whereas  the 
skin  of  a  man  varies  in  wetness  with  the  degree  of  stress.  The  system 


'Fable  Kkfect  of  (Jakment  Size  at  Low  Air  Movement,  0.(i  m.p.h. 


Maleriill 

Radiation 
and  ('on- 
vection 

kg.  cal./in.^  hr. 

Evaporative 
C'ooling 
kg.  cal./m.'*  hr. 

Vapor 

Resist¬ 

ance 

cm.  air 

Resist¬ 

ance 

Difl'er- 

cnce 

cm.  air 

Radius 

I  lifl'er 

ence 

cm. 

Radius 

cm. 

Hare  chamois  skin . 

Herringbone  twill, 

51.3 

112.4 

1.25 

— 

— 

11.2 

tight . 

Herringbone  twill. 

■IG.t) 

97.4 

1.44 

0.19 

0.1 

11.3 

medium. . .  . 
Herringbone  twill. 

41.8 

77.8 

1.80 

0.55 

0.7 

11.9 

loose . 

38.2 

G7.0 

2.09 

0.84 

3.3 

14  5 

(mm.  Ilg). 

therefore  nieasuics  tlic  inaxiniuni  amount  of  evaporation  from  wet  skin 
"'since  one  o'f  ”110' imincipal  effects  of  clolliins  is  to  trap  ailditional  layers 

usedlnTtead  of  the  moist  blotting  paper,  and  there  was  no  wne  screen 
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holding  the  cloth  away  from  the  skin.  The  skin  was  moist,  but  not  so  wet 
as  to  cause  liquid  water  to  enter  the  cloth,  dhe  garments  were  made  up  as 
cylindrical  covers,  with  different  radii  to  produce  air  layers  between  the 
skin  and  the  fabric.  The  difference  of  radius  between  skin  and  cover  can 
be  used  as  a  measure  of  the  air  spacing.  The  rate  of  air  flow  in  these  ex¬ 
periments  was  low,  being  0.6  miles  per  hour. 


11 
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and  providing  a  sjiace  in  which  air  which  penetrated  the  cover  could 
how. 

Results.  In  order  to  make  tlie  results  more  general,  they  are  expressed 
in  terms  of  cvaj)orative  rate,  E/Al^,  which  is  the  evaporative  cooling  in 
kg.  cal.  m.-/hr.  divided  by  the  vajior  ])ressure  difference  in  mm.  Ilg  be¬ 
tween  saturated  air  at  skin  temj)erature  and  the  general  atmos])herc.  It 
would  be  more  accurate  to  take  account  of  the  difference  in  temperature 
between  skin  and  environment  by  using  the  concentration  gradient  rather 
than  the  vapor  pressure  gradient,  but  under  warm  conditions  where  the 


Mg.  57.  Kvn„ora.ion  with  wet  clollung  on  the 
T,  shows  llie  totol  evaporative  cooling;  the  l-V  tliese  curves,  the 

skin.  The  iliffercnce  is  the  cooling  by  cvai  ocition  f  H  indicates  the  watei 

r::;  rtheShi:;:  w.s  P0„un.  the  ah  per™e.hi,ity  . . . 

wind  .speed  O.C  miles/hr. 

air  temperature  is  near  skin  temP-Ume  the  ^j^-neejs^sm,.!.  Figure  .5 
sliows  tlie  influence  of  seveia  fabi  ics,  cac  ^  noticealile  for 

wind  velocities.  This  shows  that  tlie  ^^,,5  f,,|,rics  the  eU'ect 

Iif^iretiSibllircom^Sn^it^^^ 

:.i:"  -  of  air  movement  de- 
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creases,  all  fabrics  become  increasingly  similar  in  evaporative  resistance, 
regardless  of  porosity.  These  lines  extrapolate  in  the  neighborhood  of 
E/AP=3  kg.  cal./m.“  hr.  (mm.  Hg) ,  which  is  close  to  the  value  2.85 
which  Gagge’^  found  for  the  maximum  evaporation  from  the  bare  skin  at 
very  low  air  movement.  This  limiting  value  of  evaporation  in  the  absence 
of  forced  convection  from  wind  can  be  called  natural  convection,  and  is 


represent  points  determined  in  the  let  of  ^  tunnel;  solid  circles 

The  results  shown  in  Figures  55  md  +  inace. 

skin.  In  use  the  clothino'  will  clothing  over  wet 

l»rser.  An  ex  enmen  li  evaporation  very  n.nol, 

tl>e  cover  wai  thorolC  Fig^^e  57,  in  wl.ioh 

was  weighed  separately  afthe  end  of  lei?""”"®  ‘  f  experiment,  and 

slunvs  l,ow  ,1,0  water  eonte,  d  p  a  ,  expernnental  period.  Tl,e  graph 
a  .eve,  slightly  above  that  o,  eduil'ihH^.mlf^ltlt^ 
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level  is  also  reached  if  one  starts  with  dry  fabric,  since  the  humidity  ..i 
the  neighborhood  of  the  skin  is  higher  than  in  the  general  atmos])hcre. 
The  curves  for  total  evaporation  and  for  evaporation  from  the  skin  con¬ 
verge  in  the  course  of  the  experiment.  The  evaiioration  from  the  skin  is 
smaller  at  the  start  of  the  exiierimcnt,  when  the  evaporation  from  the 
clothing  is  largest,  but  increases  as  the  clothes  dry  out.  The  wet  clothing 
is  at  a  lower  temperature  than  the  wet  skin  (tyjiical  temperatures  were 
'21)°  C.  and  .34°  C.) ,  so  there  can  be  distillation  from  the  skin  to  the  cloth¬ 
ing  even  though  each  is  perfectly  wet  and  at  100  jicr  cent  relative  hu¬ 
midity.  The  total  evajioration  is  largest  while  the  clothing  is  most  thor¬ 
oughly  wet,  because  the  only  resistance  to  evaporation  from  this  layer 
is  that  of  the  surrounding  air. 

Eva])oration  from  ])erfectly  wet  clothing,  in  which  the  water  forms  a 
film  over  the  pores  of  the  cloth,  and  evaporation  from  the  exposed  wet 
skin  are  similar  if  allowance  is  made  for  the  lower  temperature  of  the 
clothing.  The  .same  apparatus,  without  any  wire  screen  or  cloth,  wiis  used 
to  measure  the  effect  of  wind  on  evaporation  from  ])erfcctly  wet  skin.  The 
results  of  two  scries  of  experiments  are  shown  in  Figure  .58.  along  with 
lines  drawn  according  to  equations  which  have  been  proposed.  The  exi)cri- 
mental  points  fall  not  far  from  the  line  calculated  by  an  equation  of 
Powell--  for  evaporation  from  a  cylinder  of  diameter  I)  cm.,  with  air  move¬ 
ment  V  miles  per  hour. 


J;^ 

AP 


35.4  V® « 

])0.4 


The  other  line  is  from  an  empirical  analysis  of  the  artificial  sweating  man 

”  \TanTlvsis  of  the  effect  of  wIikI  an.l  the  air  perineahility  of  a  faliric 
cover  has  iieen  made  on  the  Irasis  that  tlie  effect  of  wind  is  added  to  tlie 
z:;  Vnatnra.  conr^tmm 


bare  surfaces  is 


(K/AP’-  3)  ='8 
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coefficient  is  plotted  against  the  logarithm  ol  the  air  permeability,  the 
resulting  plot  is  not  one  straight  line  but  two,  connected  by  a  curve,  which 
could  be  represented  by 

Fabric  Coefficient  =  .00  (A/37.5  +  1)  ® 

O 


w  1  effect  of  wind  on  the  bare  surface  and 

E/AP  =  3  +  .4^  +  l)-65  V.75 
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Although  this  equation  applies  over  the  whole  range  of  fabric  perme¬ 
abilities  and  wind  velocities  up  to  10  miles  per  hour,  the  fractional  ex¬ 
ponents  cause  it  to  be  dilticult  to  use  unless  put  in  the  form  of  a  nomo¬ 


gram.  A  similar  analysis  can  be  made  for  the  lower  range  of  permeabilities, 
below  A=:5l)0,  which  includes  most  clothing  fabrics.  In  this  lower  range 
two  approximations  can  be  used,  one  that  the  effect  of  wind  is  proportional 
to  its  velocity,  the  other  that  the  fabric  coefhcient  of  wind  effect  is  i)ro- 
portional  to  the  air  permeability.  The  resulting  limited  relation  has  the 
same  form  as  the  more  general  one,  except  that  there  are  no  fractional 
powers: 


E/ Al*  —  3  -f-  (A/ys  -f  1)  \ 


These  equations  are,  of  course,  empirical  and  are  based  on  a  limited 
range  of  wind  velocities.  However,  they  indicate  that  fabrics  in  the  lowest 
range  of  air  permeabilities,  which  are  chosen  for  wind  resistance,  do  not 
differ  much  in  resistance  to  evaporation.  This  arises  from  two  factors: 
(1)  the  intrinsic  resistance  of  such  fabrics  when  made  of  hygroscopic 
fibers  such  as  cotton  is  not  high  compared  with  air;  and  (2)  the  resistance 
of  air  layers  trapped  within  the  fabric  is  large  compared  with  the  fabric 
resistance.  Such  wind-resistant  fabrics  are  hot  compared  with  more  porous 
fabrics  if  there  is  a  breeze,  because  the  wind  effect  is  limited  to  the  layers 
of  air  outside  the  fabric.  However,  in  the  absence  of  wind,  tightly  woven 
fabrics  are  not  hotter  than  loosely  woven  ones. 

In  comparing  physical  experiments  such  as  the  artificial  sweating  man 
with  physiological  experiments  or  exjierience  in  ordinary  use,  it  must  be 
reineinbered  that  the  skin  of  the  artificial  man  is  j)erfectly  wet.  inslow, 
Herrington  and  Gagge^*^  have  shown  that  the  comfort  votes  of  experi¬ 
mental  subjects  indicate  increasing  discomfort  as  the  wetness  of  the  skin 
increases.  However,  the  fabric  which  i)ermits  more  evaporation  from  wet 
skin  will  ])ermit  the  skin  to  be  drier  under  conditions  of  less  than  maxi¬ 


mum  cooling  demand. 

A  man  wearing  clothing  is  not  limited  by  the  resistance  of  dry  clothing 
since,  if  the  heat  stress  is  sufficient,  the  clothing  becomes  wet  lyith  sweat 
and  the  evaporation  is  limited  only  by  the  resistance  of  the  air  outside. 
The  factor  of  gain  on  wetting  out  the  clothing  is  the  reciprocal  of  the  fabric 
coefficient  of  wind  effect,  and  thus  there  may  be  as  much  as  a  sixteentold 
increase  in  the  effect  of  wind.  This  large  safety  factor  in  the  wetting  out 
„f  clotlm.g  may  account  fo.-  Uol,i„so„’s  finding-  that  m 
lioTis  lliinncr  fal>rics  imposed  less  heal  stress  on  men  than  Ihickei  fabrics. 
A  thinner  fabric  requires  less  water  to  wet  it,  or  to  wet  S'™' 

Mills  permits  more  cooling  from  a  given  amount  of  sweat,  riun  iabnes 
wiliprovide  less  thermal  resistance  and  less  dilfnsion  resistance  than  thick 
lli  mt  in  he  range  used  in  snniiner  clothing  the.sc  two  effects  are  si 
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more  concerned  with  effectiveness  than  comfort.  In  civilian  clothing  there 
is  often  a  choice  between  two  fabrics,  of  which  the  thicker  is  also  the 
more  porous.  Just  how  these  factors  balance  at  moderate  rates  of  air 
movement  is  not  known,  but  since  discomfort  is  likely  to  be  greatest  at 
air  movements  where  porosity  counts  least,  the  thinner  fabric  is  probably 
the  best  choice.  It  has  the  advantage  of  less  intrinsic  thermal  resistance 
and  vapor  resistance,  and  of  presenting  less  fiber  to  act  as  an  inertia  barrier 
to  changes  in  rate  of  evaporation.  These  considerations  indicate  that  the 


Bisootlon,  Army  uniform  t^vin  S-f of  ^  .■''■'ringhone  twill,  .031  1„.  thick; 

i...  thick;  „„,1  „ylo„Ke;imK;wnrOH'*VLk.“““''’  ^ 


nttm  who  1, ttys  a  do.tble-breasted  summer  suit  makes  of  himself  a  sacrifice 
the“  ime"?equhed  w'thftn  if 

^li'y  at  different  rates  owing  to  dif/  supposed  that  fabrics 

comj)osition.  The  fact  is  the  wp  1  weaving  structure  or  fiber 

time  is  the  sanie  foTl  wicirr^ngf;^^  ™  P- 

Figure  GO.J-  These  curves  start  fm,  ^  ^  exposed  to  air,  as  shown  in 

fabric  and  show  that  the  different  ^fal  content  of  tlie 

through  the  range  in  t 

"^‘C  contains  licpiid  water.  At  the  last 
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])hase  of  drying,  the  rate  slows  down  and  this  may  reflect  differences  in 
thickness,  in  rate  of  ca])illary  transfer,  and  in  rate  of  giving  up  absorbed 
water.  However,  through  the  major  ])art  of  the  course  of  drying,  the  rate 
of  drying  is  independent  of  the  kind  of  cloth. 

The  time  of  drying,  however,  varies  with  the  kind  of  cloth,  according  to 
the  amount  of  water  held  initially.  Many  tests  on  ])lain  woven  cotton, 
rayon  and  nylon  fabrics  have  shown  that  the  amount  of  water  which  can 
be  held  without  dripping  is  roughly  proportional  to  cither  weight  or  thick¬ 
ness,  with  a  somewhat  closer  correlation  with  thickness.  Such  fabrics 
will  hold  approximately  100  per  cent  of  their  weight  of  added  water. 

The  constancy  of  drying  rate  arises  from  the  fact  that  the  resistance  to 
evaporation  is  the  same  in  all  cases,  namely,  the  resistance  of  the  diffusion 
barrier  of  relatively  still  air  near  the  surface.  This  barrier  can  be  several 
millimeters  thick  and  thus  can  even  out  all  the  surface  irregularities  of  the 
fabric.  This  barrier  layer  acts  both  to  ])revent  the  escape  of  water  vaj)or 
and  the  entrance  of  heat,  so  that  a  wet  fabric  has  a  temi)erature  interme¬ 
diate  between  the  dry  and  wet  bulb  temperatures  of  the  environment. 
When  clothing  is  being  worn,  however,  heat  is  supi)lied  from  the  body  on 
one  side  and  ])art  of  this  barrier  is  reduced.  A  fabric  which  makes  better 
contact  with  the  body  can  receive  heat  at  a  faster  rate,  and  will  therefore 
dry  more  rapidly  on  the  body.  This  may  be  a  good  thing  m  hot,  moist 
environments,  but  in  cooler  environments  it  leads  to  chill.  This  is  a  basis 
for  iircference  for  wool  in  contrast  to  cotton,  or  cotton  rather  than  con¬ 
tinuous  filament  rayon,  for  underwear  in  cool  environments. 


f) 
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LAHORATORY  AND  FIELD  STUDIES 


GENERAL  PRINCIPLES 


W.  II.  Forbes 

It  is  the  purpose  of  this  section  to  give  a  brief  recapitulation  of  the  gen¬ 
eral  principles  mentioned  in  preceding  chapters  and  then  to  show  by  ex¬ 
amples  what  part  each  of  the  various  factors  is  likely  to  play  in  specific 
situations.  This  will  form  an  introduction  to  the  laboratory  and  field 
studies,  to  be  discussed  later  in  this  chapter,  which  describes  in  greater 
detail  the  problems  of  men  exposed  to  various  climates. 

METHODS  OF  HEAT  LOSS 

Heat  is  lost  from  the  body  by  four  methods;  conduction,  convection, 

radiation  and  change  of  state  (evaporation) .  Heat  is  transferred  to  the 

body  by  the  same  four  methods,  but  the  change  of  state  is  in  the  reverse 

direction  (condensation) .  These  are  the  only  ways  of  transferring  heat, 

but  heat  may  be  produced  within  the  body  by  metabolism  or  by  friction; 

that  is,  by  transforming  other  forms  of  energy,  potential  (chemical) ,  or 

kinetic,  into  heat.  In  studies  of  heat  balance  m  clothing,  both  the  transfer 

and  the  production  of  heat  must  be  considered,  but  as  clothing  principally 

affects  the  transfer  it  is  this  factor  that  will  be  considered  m  greater  detail. 

Conduction.  In  conduction,  the  molecular  motion  which  constitutes  tlie 

heat  is  spread  by  motion  and  impact;  that  is,  a  fast  moving  molecule 

striLs  another  which  is  moving  more  slowly;  it  then  transfers  some  o  its 

energy  to  the  molecule  which  is  struck.  This  is  a  slow  process  except  n 

metals  whose  low  specific  heat  and  high  heat  coiuhictivity  mean  that  heat 

will  spread  quickly  through  them.  Still  air  and  materials  which  contain 

mneh  still  ah-  as,  for  example,  a  cloth  pot  holder,  are  at  the  other  end  o 

the  scale  and  transmit  heat  very  slowly.  A  complete  vacuum  will  n 

conduct  anv  heat  at  all,  hut  it  will  transmit  radiation  nnnnpeded.  Con 

dnetion  in  fluids  is  analogous  to  diffusion,  and  the  h™ 

described  by  equations  of  the  same  torlii;  however  diffusion  t  « 

of  molecules  toward  regions  of  lesser  niolecnlar  concentration,  and 

conduction  is  the  movement  of  molecules  toward  regions  of  lesser  average 

kinetic  energy  pins  the  transmission  of  energy  by  colli^sions, 

kmetic  ene  gy  i  ,  .  process  of  conduction  is  com- 

nionirgpaU^iastened  by  eoiwe^ 

mtplfet  b/tTt'2o“o"ccms  i^marspaces  whose  dimensions  are  about 
*  ’  320 
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2  mm.  It  is  the  magnitude  of  these  currents  which  shift  large  numbers  of 
molecules  at  a  time  that  determines  the  rate  of  heat  transfer  rather  than 
the  relatively  slow  process  of  simple  diffusion  of  single  molecules.  The 
currents  which  remove  the  heated  fluids  may  be  entirely  independent  of 
the  system  under  consideration,  as,  for  example,  wind  in  the  study  of 
clothing,  or  they  may  arise  from  the  differences  in  specific  gravity  caused 
by  the  heat  itself.  In  the  case  of  a  clothed  man  they  may  arise  from  the 
man’s  movements  within  the  clothing.  However,  whatever  their  origin, 
it  is  these  currents,  convection  rather  than  conduction,  that,  together 
with  radiation  and  evaporation,  are  of  primary  importance  in  explaining 
the  heat  exchanges  between  man  and  his  environment.  An  exception  to 
this  rule  must  be  made  when  large  areas  of  the  body  are  in  contact  with 
solids  which  are  not  at  skin  temperature. 

The  factor  of  convection  is  usually  thought  of  as  operating  only  in  fluid, 
and  the  animal  body  is  not  a  fluid.  However,  the  circulatory  system  of 
the  body  containing  as  it  does  a  fluid  of  high  heat  capacity  acts  very 
effectively  as  a  regulated  convection  system  able  to  help  in  the  equaliza¬ 
tion,  conservation,  or  dissipation  of  heat  as  the  need  arises. 


Radiation.  Radiation  is  a  transfer  of  energy  which,  unlike  conduction 
and  convection,  is  not  dependent  upon  the  presence  of  matter;  in  fact, 
matter  impedes  it.  For  our  purposes  the  energy  may  be  considered  to  be 
in  the  form  of  electromagnetic  waves  of  an  average  wave  length  of  about 
1/100  millimeter  (10^)  which  is  four  octaves  lower  (i.e.,  lower  frequency 
and  longer  wave  length)  than  visible  light  and  several  octaves  higher  than 
radar.  Its  speed  is  the  same  as  that  of  light.  The  wave  lengths  emitted  by 
bodies  m  the  20  to  40°  C.  range  of  temperature  are  not  confined  to  a 
narrow  band,  and  their  characteristics  differ  slightly  with  the  wave  length- 
but,  m  general,  common  solids  are  opaque  to  them,  and,  except  for  clean 
pohshed  metal  surfaces,  act  as  black  bodies;  that  is,  they  absorb  the  energy 
and  rerad, ate  ,t  rather  than  reflect  it.  Dry  air  is  transparent  to  these 
waves,  but  w^ater  vapor  absorbs  some  of  them. 

Evaporation.  All  of  these  methods  of  heat  transfer  operate  both  In 
giving  off  and  in  receiving  heat  from  the  environment.  The  next  method 
of  transfer,  evaporation,  is  related  to  conduction  in  that  the  heat  energy 

llec'i^es  /  ,t\  goesT' ^^'TO'-nding 
ecule.s,  but  it  goes  further  than  conduction  and  produces  in  them  d 

change  of  state  with  greatly  increased  dispersion,  energy  and  movement 
tionnl  disposing  of  heat  and  it  is  only^under  very  exceo ' 

tional  circumstances  that  heat  is  acniiirDrl  bxr  iLo  ;  very  excep- 

sation  of  water  vanor  n?  fnr  cs  i  ^  ^^''^^rse  process,  conden- 

is  enormoii.slv  effec^iv;‘as  I  mS'^of  h  "  Evaporation 

of  water  evaporate/rb^rbr  '  1  a,^ 

magnitude  of  the  effect  can  be  perhan  be  te r  n,  temperature.  The 

of  the  inverse  process,  the  acqilisition  of  heat-  jf ‘y example 

a  finger  placed  upon  it  would  feel  warm  of 'loiling  water. 

The  total  heat  transferred  to  the  Z  w„,dd/?l  / 

ones.  The  same  thing  done  with  a  Z™  of  met  1'/?"  ' 

produce  a  sharp  feeling  of  heat,  but  thramouiU^fl:!, /y  do^'t/th/T- si'ie 
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would  be  minimal.  The  number  of  calories  transferred  in  sjiitc  of  the 
greater  weight  of  the  metal  would  be  probably  under  one.  If  water  of  this 
volume  and  tem])erature  were  placed  on  the  skin  about  3  to  4  calories 
would  be  transferred  and  a  slight  burn  would  j)robably  result.  However, 
the  same  weight  of  water  in  the  form  of  steam  would  release  about  21) 
calories  on  condensation  ])lus  approximately  3  calories  delivered  while  the 
condensed  water  cooled  to  body  tem])erature.  The  result  would  be  a  most 
unpleasant  burn. 

.\  further  factor  affecting  the  severity  of  burn  is  the  sliced  at  which  the 


heat  is  transferred  from  the  hot  object  to  the  skin.  In  the  case  of  wood  it 
almost  certainly  takes  more  than  one  second  to  transfer  half  the  heat;  this 
gives  time  for  the  heat  to  be  carried  away  from  the  point  of  application 
and  thus  avoids  local  damage.  In  the  ease  of  metal  half  the  heat  is  lost  in 
less  than  a  second  so  that,  in  spite  of  the  smaller  quantity  of  heat  deliv¬ 
ered,  the  local  tcmiierature  will  rise  more  and  the  damage  may  be  greater. 
The  heat  delivered  up  on  the  condensation  of  steam  is  delivered  instantly 
upon  condensation,  and  condensation  continues  as  long  as  the  skin  is 
cooler  than  100°  C. 

There  is  another  physical  phenomenon  which  is  of  considerable  conse¬ 
quence  in  problems  of  clothing,  and  that  is  the  tendency  of  gases  to  form 
relativelv  thick  and  stable  layers  at  surfaces.  In  many  problems  of  heat 
transfer  this  behavior  of  gases  can  safely  be  neglected  but  often  it  is  for¬ 
gotten  when  it  is  an  essential  part  of  the  picture.  In  air  whose  temperature 
gradients  are  small  and  whose  movements  are  under  10  feet  per  minute, 
surfaces  will  be  clothed  by  a  layer  of  air  about  0  or  7  min.  thick  which 
associates  with  the  surface  rather  than  with  the  surronndmg  air.  If  the 
surface  is  moved  slowly  the  bulk  of  this  air  moves  with  it,  although  the 
outer  part  of  this  envelope  of  air  forms  a  transitional  link  ^Mth  the  gencia 
atmosidiere.  Even  when  the  movement  between  the  surface  and  the 
atmosphere  is  10  feet  per  second  the  envelope  is  stil  of  appreciable  thick¬ 
ness  (about  2  mm.).  At  100  feet  iier  second  the  layer  ^  reduced  to  a 
fraction  of  a  millimeter  and  is  negligible  as  insulatioiL  This  air  ac  s  as 
insulation  to  the  bare  skin  and  adds  enorinously  to 

or  idle  fabrics  The  existence  and  potential  importance  of  th  s  la>ti  ot 

.i,ich  ,.,V„  ,1.;  ^ 

||,e  evaporation  from  tlie  skin,  is  remove.!  or  made  too  tlim. 

rFh'Kcr  OF  cLOTJiisa 
The  arhlition  of  clothes  con.plieates 
tween  man  am)  Ins  "''''"’'''''J'' ,  'A’  ^  (perosity,  permeal>ility,  flexi- 

arc  involved,  the  properties  o  nnlnl.er  of  ia.vers,  color,  texture 

bility,  clasticit.v,  de.sign  and  fit,  (size,  stitfness,  be- 

,  ".eight)  the  ra.liation.  eondnetion. 

havior  towards  vatci,  an  .  > 
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convection  and  evaporation.  A  man  clothed  in  a  very  thick  and  windproof 
but  easily  compressible  substance  such  as  a  down  sleeping  bag  will  Jose 
heat  rapidly  to  a  cold  stone  or  ice  surface  by  conduction  through  the  thin, 
packed  layers  of  down,  and  he  will  also  lose  heat  by  radiation.  Convection 
will  play  hardly  any  part  and  the  role  of  evaporation  will  jirobably  be 
small.  Wind  will  scarcely  affect  such  a  man.  On  the  other  hand,  a  man  in 
thiek  knitted  clothing  would  be  much  better  off  lying  on  stone  and  might 
be  very  warm  in  still  air  but  would  be  cold  in  the  wind,  heat  loss  in  this 
case  being  due  primarily  to  convection.  It  is  also  clear  that  stiff  clothing 
that  does  not  fit  itself  to  the  body  is  likely  to  contribute  to  loss  by  convec¬ 
tion.  To  some  extent  the  loss  or  gain  of  heat  by  radiation  is  influenced  by 
the  color  of  clothing  and  the  texture  of  the  surface.  The  white  clothes  worn 
in  the  tropics  are  cooler  while  in  the  sun  than  the  same  clothes  would  be 
if  dyed  black.  The  texture  of  the  clothing  affects  its  effective  thickness 
when  the  wind  velocity  is  low  and  affects  the  losses  by  convection  when  the 
wind  velocity  is  high.  A  rather  sparse  fuzz  on  an  ordinary  woolen  cloth 
may  in  still  air  considerably  increase  the  thickness  of  the  blanket  of  air 
discussed  above. 

One  of  the  most  important  effects  of  clothing  is  to  increase  the  time  lag 
between  the  production  of  heat  and  its  dissipation.  This  is  usually,  though 
not  always,  a  considerable  disadvantage  to  a  homeothermic  animal  who 
is  compelled  by  the  conditions  of  his  life  to  vary  his  activity,  and  hence 
his  heat  production,  over  a  wide  range.  The  disadvantage  is  greatest  and 
most  easily  seen  in  the  case  of  loss  of  heat  by  evaporation.  A  warmly 
dressed  man  working  hard  on  a  cold,  windy  day  will  get  very  hot;  since 
the  clothes  impede  the  dissipation  of  this  heat  he  will  sweat  considerably 
and  get  his  clothing  wet.  Then  he  will  stop  working  and  sit  in  the  wind, 
produeing  little  heat  and  needing  to  conserve  all  he  has,  but  his  clothes 
will  go  on  dissipating  heat  at  a  great  rate  by  evaporation.  His  heat  produc¬ 
tion  and  heat  dissipation  will  have  been  pushed  badly  out  of  proportion  bv 
his  clothing. 

In  view  of  the  very  large  number  of  the  variables  concerned  it  has  been 
ound  that  it  is  more  satisfactory  to  try  out  garments  on  living  men  rather 
than  to  calculate  their  warmth  from  theoretical  considerations,  and  it 
seems  likely  that  this  will  continue  to  be  the  case  for  some  time  to  come. 
1  will,  therefore,  go  on  to  summarize  briefly  the  processes  involved  in  the 
experimental  determinations  of  the  effectiveness  of  clothing  on  human 
subjects.  Ihis  will  be  followed  by  some  specific  examjdes. 

A  man  is  continuously  producing  heat  at  a  rate  which  is  determined  bv 
his  basal  metabolism  plus  the  metabolism  and  friction  involved  in  his 
ciirrent  activities,  whether  they  be  external  work,  shivering,  or  digesting 
1  he  heat  produced  m  these  ways  follows  one  of  two  paths.  It  is  either  lost 
born  the  body  to  the  environment  by  one  of  the  methods  mentioned  above 
or  IS  stored  in  the  body  where  it  is  measurable  as  a  rise  in  tei^raturr 

hito  mtr''  *1  l’  of  energy  turned 

Zl  "  subtracted  from  the  total  energv  obta  e 

tioni  the  oxygen  consumed  m  order  to  obtain  the  heat  nroduetd  ti 

portance  of  this  can  be  demonstrated  bv  having  a  subject  walk  un  n 

grade  one  expen.nent  and  on  the  lev'el  in  a./othen  expe nLtt.  vWth Ih'e 
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speed  of  walking  adjusted  so  that  the  oxygen  consumption  is  the  same  in 
both  cases.  Then,  if  the  ambient  temperature  and  the  clothing  arc  the 
same,  the  subject  will  sweat  considerably  less  when  walking  u[)hill  than 
when  walking  on  the  level.  In  the  former  case  the  energy  j)roduccd  in 
nietal)olisni  is  divided,  roughly  20  i)er  cent  going  into  the  mechanical  work 
of  raising  the  body  and  the  remaining  80  i)er  cent  going  into  heat.  In 
walking  on  the  level  all  the  energy  goes  into  heat. 

The  scientific  study  of  clothing  requires  measurement  of  the  total  heat 
produced  and  the  amount  gained  or  lost  by  the  body  in  exchanges  with 
the  environment.  It  also  requires  measurement  of  the  amounts  lost 
through  the  different  avenues  of  exit.  Part  goes  through  the  lungs  in  heat¬ 
ing  the  inspired  air  and  part  in  evaporation  from  the  lungs;  the  rest  goes 
through  the  clothes  by  conduction,  convection,  radiation  and  evaporation. 
The  total  heat  produced  is  measured  by  the  oxygen  consumed,  with  an 
allowance  made  in  refined  work  for  the  kind  of  fuel  burned  which  is  deter¬ 
mined  from  the  resj)iratory  quotient.  In  addition  the  external  work  done 
must  be  subtracted  as  discussed  above,  dhe  changes  in  stored  heat  arc 
measured  by  rectal  temperatures  and  skin  tem[)eratures,  these  being 
weighted  according  to  formulas  worked  out  from  estimates  of  the  surface 
and  volume  of  various  j)arts  of  the  body.  The  total  heat  lost  from  the  body 
mav  be  measured  directly  by  total  calorimetry  but  is  more  often  calculated 
bv  subtracting  the  stored  heat  from  the  total  heat  produced,  dhe  amount 
lost  in  the  breath  can  be  calculated  from  temperature  differences  and 
ventilation  rates  with  a  fair  degree  of  accuracy.  The  amount  lost  from  the 
body  surface  bv  evaporation  is  calculated  from  total  weight  loss  nnnus 
the  ‘water  lost  from  the  lungs  and  minus  the  difference  between  the  weights 
of  the  COo  output  and  (>2  absorption.  The  amount  lost  by  radiation  can 
be  measured  bv  sampling  the  rate  of  radiation  through  the  different  parts 
of  the  clothing  with  radiometers.  The  remainder  is  lost  through  the  clothes 
bv  conduction  and  convection  which  cannot  be  satisfactorily  separate  . 

‘  In  practice  under  usual  conditions  the  loss  of  heat  by  radiation  is  sma 
in  comparison  with  the  loss  by  evaporation  and  by  convection.  In  warm 
or  hot  conditions  evaporation  plays  by  far  the  greatest  role,  while  m  coo 
or  cold  conditions  convection  is  the  primary  avenue  ot  loss. 

In  the  region  of  greatest  comfort  when  it  is  neither  too  warm  nor  too 
cool  the  body  will  lose  about  one  fourth  to  one  third  ot  its  heat 
tion’and  most  of  the  remainder  by  convection  1  he  l"''y<;^  body  mav 
to  control  the  loss  by  conduction  and  convection  so  tl  at  ‘  «  body 
continue  to  make  this  partition  when  the  climate  or  the  metabolism 
changed  Clothing  should  not  be  used  primarily  to  control 

convection  is  e  '^re  indications  that  in  unclothed 

IdTr^ineLmlVcdVaps  in  young  children 

Situated  to  clothes. 
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If  evaporation  is  used  exclusively  as  a  source  of  heat  loss,  it  is  incon- 
v'enient  in  the  desert  because  of  the  amount  of  water  that  has  to  be 
consumed,  and  in  the  tropics  because  of  the  sticky  wetness  of  the  clothing. 
On  the  other  hand,  if  the  loss  is  to  be  mostly  by  convection  as  in  cool 
climates,  there  will  be  times  when  the  clothing  is  scarcely  sufficient  and 
the  body  uncomfortable  because  it  lacks  its  most  powerful  means  of  regu¬ 
lation  and  must  depend  instead  on  shifts  of  circulation  to  meet  fluctuations 
in  the  heat  load.  This  often  involves  a  disagreeable  and  occasionally  a 
dangerous  degree  of  cooling  of  the  extremities. 

In  the  animals  which  do  not  sweat,  and  this  includes  a  large  proportion 
of  all  the  furry  animals,  the  role  of  evaporation  may  nevertheless  be  quite 
important  as  in  the  panting  of  dogs  or  sheep,  but  it  is  probably  secondary 
to  the  role  played  by  conduction  and  convection.  Both  birds  and  mammals 
are  able  to  fluff  their  feathers  or  their  fur  or  to  have  them  lie  down  flat, 
thus  greatly  changing  their  insulation.  Animals  in  cool  weather  curl  up  to 
provide  the  minimum  area  for  external  exposure  and  spread  out  in  hot 
weather  to  provide  the  maximum  area.  Dogs  will  find  .shady  spots  where 
they  can  lie  on  the  damp  ground,  and  will  pu.sh  aside  the  gra.ss  or  leave.s 
and  compress  the  hair  on  their  bellies  to  get  maximum  contact  with  the 
cool  earth.  Large  animals  like  the  carabao  (water  buffalo)  must  have 
frequent  v allows  in  water  which  is  f)elow  their  body  temperature.  This 
cools  their  skin  and  also  provifles  for  subsequent  ev'a[>oration. 


VARYING  CLIMATIC  CONDITIONS 

Dry  De.sert  Heat.  Three  conditions  in  which  men  may  find  them.selves 
will  now  be  di.scus.sed  in  detail.  The  fir.st  is  the  dry  heat  of  the  de.sert  on  a 
bright  day  with  the  air  temperature  about  the  .same  as  the  skin*  i.e.  90 
to  0.^  F.  This  temperature  is  cho.sen  for  this  example  becau.se  it  minimizes 
net  gams  or  las.ses  from  long  wave  length  radiation  and  convection.  \  man 
exposed  to  the  full  radiation  of  the  de.sert  sun  at  noon  receives  a  great 
amount  of  energy.  The  direct  sunlight  plus  the  radiation  from  the  rest  of 
the  sky  and  the  terrain  provides  6  to  7  Calories  per  minute  (400  per  hour) 
to  the  surface  of  a  naked  man  standing  erect.  This  figure  varies  of  course 
ith  tc|rrain  and  the  kind  of  weather  but  is  surprising! v  independent 
I  the  height  of  the  .sun  .so  long  as  the  sun  is  rea.sonablv  high  The  skin  of 

i'  of  the  energy  "(Xetro  skin  ;e 

fleets  \o  to  20  per  cent)  so  that  about  240  Calories  per  hour  are  absorbed  2 

a  PeSa?:  he  can  ^intaTn  ot  er 

mechanical  work  abwt  onl  thW  r.rihi's'"'''”  as 

"ref 

merely  standing  at  resT^lf  rari^'wo  Calor' 

f  hell  load  whllht'lotTaJ  from  IhT  ol 

he  can  maintain.  The  di.ssipation  oAhTl'irr  V'  hardest  work  that 

require  the  evaporation  of  600  cc  of  w-ater^f^hrr"^  "'"“hi 

cent  efficient,  assuming  that  all  the  h.lr  •  .  ,  ^  r  evaporation  is  100  per 

^omtheenvironment^0^t^1l!s^lt^‘;hl^^^^^^ 
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the  desert  may  well  he  above  body  temperature  so  that  convection  will 
deliver  heat  to  the  body  rather  than  remove  it.  Consequently  the  water 
requirements  may  exceed  000  cc.  per  hour,  even  for  an  inactive  man. 

(Nothing  may  reflect  as  little  as  10  or  as  mneh  as  70  ])er  cent  of  the 
incident  energy,  dejiending  on  its  color  and  texture.  White  cloth  reflecting 
over  half  of  the  radiant  energy  would  be  an  improvement  over  skin  reflect¬ 
ing  40  per  cent  or  less  were  it  not  for  the  imjiediment  to  evaporation  that 
clothes  entail.  Do  the  desert  .\rabs  with  their  voluminous  and  very  loose 


clothing  succeed  in  reflecting  the  radiation  to  a  large  extent  while  impeding 
evaporation  only  to  a  small  extent?  If  they  do,  it  means  a  great  saving  in 
sweating  and  therefore  in  their  water  requirements. 

INIoist  Tropic  Heat.  Next  we  will  consider  a  man  in  the  moist  tropics  at 
a  period  of  the  day  when  the  sun  is  beginning  to  decline  and  the  consequent 
slight  cooling  has  raised  the  relative  humidity  to  nearly  100  ])er  cent,  with 
ambient  temjierature  between  00  and  05°  F.  This  man  will  then  be  able 
to  lose  heat  in  only  relatively  small  quantities  by  evajKiration  because  of 
the  nearly  saturated  condition  of  the  atmosphere.  The  only  way  in  ^^hich 
he  can  lose  any  imjiortant  amount  by  this  route  is  by  elevating  his  skin 
temperature  sufficiently  so  that  he  can  still  evaporate  something  into  a 
nearly  .saturated  atmos])here.  This  evaporation  will  of  course  immediately 
lower  his  skin  temperature  which  then  slows  down  the  evaporation,  lie 
therefore  must  maintain  a  very  lively  circulation  to  the  skin  m  order  to 
keep  it  hot  enough  for  evaporation.  Conduction  also  will  be  slow  under 
these  conditions  becau.se  the  tcmjicrature  gradient  between  his  .skin  and 
surrounding  air  will  be  .so  slight.  It  is,  therefore,  impos.sible  for  a  man  to 
get  rid  of  a  verv  large  amount  of  heat  under  these  conditions  He  cannot 
do  continuous  heavy  work.  Fortunately  the  amount  received  by  radiation 
will  be  much  .smaller  than  in  the  desert,  not  only  because  of  the  shade 
which  is  available  but  because  of  the  much  lower  temiieraturc  ot  all  siir- 

'^''’A^crk''coId!^The  next  example  is  a  man  in  the  ^^'ctic  in 
weather  We  will  consider  him  in  two  .states,  one  m  which  the  heat  he 
produces  is  approximately  balanced  by  the  heat  lost  from  hi.s  lungs  and 
bv  conduction,  convection  and  radiation  through  the  clothni^^  In  t  c 
second  state  we  will  consider  that  he  produces  more  hea  than  can  be 
1-  •  /  1  1  tiiic  method  In  the  first  case  a  man  cannot  help  losing  vatei 

i  I'b  r  to  t„e  ex.cn.  of  n.,on.  «.5^.  pe..  o.n. 

IbeVoL  .l.rouRh  his  clo.I.inK  inns.  sm nh'' in" 

kcep  hhn  in  cqnilihrnnn,  Nvinch  ,s  ,,e  nsod  in  .he 

crc.-ise  in  mct.aholisin,  for  example,  I’  J  ,„etahoIisni  to  !)8 

,, reparation  ami  ingest, on  o  ‘y-'f  ;  “  his  elotliing. 

5  i'  j™;;  si;';'; 
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This  complicates  matters,  as  most  of  the  water  vapor  will  be  recondcnsed 
before  it  leaves  the  clothing.  This  releases  again  practically  the  same 
amount  of  heat  as  was  removed  from  the  body  during  evaporation  Some 
of  this  heat  will  be  returned  to  the  body  indirectly  (because  the  place  at 
which  the  condensation  is  occurring  will  not  fall  much  in  tem])erature 
until  condensation  is  coinjileted) ,  and  the  balance  will  be  dissipated  to  the 
environment.  The  proportion  which  is  returned  will  depend  upon  whether 
the  condensation  occurred  in  a  layer  of  clothing  which  was  near  the  body 
or  in  a  layer  nearer  the  outside.  After  the  condensation  to  watei  there  is 
the  further  change  of  state  to  ice  to  be  considered.  This  also  releases  a 
little  heat,  80  Calories  per  gram,  and  this  also  goes  back,  partly  to  the  body 
and  partly  to  the  environment,  but  most  of  the  heat  returns  to  the  environ¬ 
ment  because  this  change  occurs  principally  in  the  outer  layers.  The 
failure  to  eliminate  entirely  the  water  produced  by  sweating  has  two 
serious  consequences:  first,  a  continuing  loss  of  heat  by  slow  evaporation 
after  the  excessive  ])roduction  of  heat  has  ceased  and  the  need  for  con¬ 
servation  is  present,  and  second,  the  gradual  accumulation  of  ice  which 
increases  the  weight  and  stiffness  of  the  clothing  and  decreases  its  insula¬ 
tion.  Eskimos  wearing  furs  avoid  both  these  unfortunate  sequelae  by 
beating  their  furs  continually  and  thus  mechanically  removing  the  hoar¬ 
frost  which  tends  to  accumulate  in  them.  In  this  way  they  not  only 
jirevent  accumulation  of  ice  but  also  jirevent  heat  loss  from  late  unwanted 
evaporation,  while  retaining  ])art  of  the  heats  of  condensation  and  fusion. 

Radiation  in  the  Arctic  winter  is  always  from  the  man  to  the  environ¬ 
ment.  It  is  not  great  because  of  the  low  temperature  of  the  external 
garments,  and  probably  never  accounts  for  as  much  as  20  per  cent  of  the 
heat  loss  from  the  outer  garments  in  a  properly  clothed  man.  It  would  be 
higher  with  thin  garments. 

The  earth  itself  with  its  thick  clothing  of  air  moving  through  the  cold 
of  interstellar  space  illustrates  many  of  the  same  principles  involved  when 
a  man  alternately  works  and  rests  in  the  Arctic  and  wears  clothes  too  light 
for  resting  but  too  heavy  for  working.  In  the  case  of  the  earth  the  radiation 
from  the  sun  during  the  day  provides  the  extra  Calories  that  the  increased 
metabolism  due  to  work  provides  to  the  man,  while  the  internal  heat  of 

the  earth  may  be  thought  of  as  corresponding  to  the  man’s  resting 
metabolism. 

As  the  sea  covers  about  71  per  cent  of  the  earth,  one  may  take  the  sea 
at  latitude  20  degrees  as  a  typical  example  of  a  large  part  of  the  earth’s 
surface.  When  the  radiation  from  the  sun  and  sky  is  at  a  maximum,  a 
square  meter  of  the  surface  will  receive  apiiroximately  1000  Calories  per 
hour.  This  is  four  times  as  much  heat  as  a  man  can  jiroduce  at  work  which 
he  can  maintain  over  a  period  of  hours  and  is  twenty-five  times  his  basal 
rate  of  40  Calories  per  square  meter  per  hour.  This  heat  in  the  case  of  the 
sea  as  m  the  case  of  the  man  who  is  working  in  heavv  clothing,  is  spent 

watef  Til"""’?  "f  '>■■»  n.ostlv  in  evapor.lting 

ei .  Thi.s  water  vapor  moves  upward  from  the  surface  of  the  sea  carry¬ 
ing  Its  latent  heat  with  it.  When  the  clouds  are  fonned  this  latent  heat'is 
released  in  them  and  prevents  the  temperature  of  the  clouds  from  falliim 
-  low  as  It  otherwise  would.  Similarly  in  the  case  of  man  the  condensation 
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of  the  water  vapor  in  the  clothes  prevents  the  temperature  gradient  from 
being  as  steep  as  it  otherwise  might  be.  During  the  night  the  radiation 
from  the  sky  ceases  almost  entirely  and  the  temiierature  of  the  surface 
falls  slightly.  In  the  case  of  the  earth  the  total  thickness  of  the  insulation 
is  so  great  and  the  mass  of  water  so  great  that  the  percentage  of  cooling 
is  much  less  than  in  the  case  of  the  man  with  inadequate  protection. 


SUMMARY 


In  this  brief  resume  of  general  principles  I  have  said  nothing  about  some 
of  the  puzzling  observations  which  come  from  ordinary  life  and  have  as 
yet  inadequate  scientific  explanations.  Foremost  among  these  is  the  wide- 
sjiread  experience  that  wool  clothing  is  warmer  than  any  other  kind  except 
furs.  In  studies  of  the  insulation  of  materials  very  little  difference  is 
observed  between  different  kinds  of  fibers,  provided  the  total  thickness  of 
the  material  is  the  same.  The  warmth  depends  far  more  on  the  air  held  in 
the  interstices  of  the  cloth  than  on  the  properties  of  the  fiber  itself.  It  is 
true  that  wool  will  take  up  somewhat  more  water  than  other  materials 
without  becoming  wet  to  the  touch,  but  this  effect  scarcely  seems  to  be 
great  enough  to  account  for  the  universal  impression  of  its  greater  warmth. 
.\nother  jiossible  explanation  is  the  fact  that  the  greater  stiffness  of  its 
fibers  enables  it  to  lie  less  close  to  the  skin  than  cotton,  thus  creating  a 
small  but  possibly  important  air  space  under  it.  The  importance  of  this 
air  space  is  greatest  when  sweating  is  taking  place.  Cotton  under  these 
conditions  quickly  adheres  to  the  skin,  while  wool  does  not. 

There  are  other  conceivable  exjdanations  which  have  not  been  worked 


out  at  all  but  which  might  be  mentioned  here.  One  set  of  observations  on 
the  sterilization  of  surgical  instruments  may  give  a  clue.  If  surgical  instru¬ 
ments  are  wrapped  in  dry  cloth  and  ])laccd  in  a  steam  sterilizer  with  ther¬ 
mocouples  placed  at  different  depths  within  the  cloth,  one  finds,  on  the 
admission  of  the  steam,  that  the  temperature  within  the  cloth  bundle  rises 
as  much  as  twenty  degrees  higher  than  the  temperature  of  the  surrounding 
steam.3  paradoxical  effect  is  apparently  due  to  the  release  within  the 
bundle  of  the  latent  heat  of  the  steam.  This  heat,  being  unable  to  get  out 
because  of  the  insulation  provided  by  the  bundle,  raises  the  local  tem¬ 
perature  markedly  above  that  of  the  entering  steam.  This  is  contrary  to 
the  usual  conception  that  during  the  change  of  state  the  temperature 
remains  at  a  constant  level  until  the  change  is  complete.  In  the  case  de¬ 
scribed,  however,  the  condensation,  or  an  adsorption  equivalent  to  con¬ 
densation,  on  the  fibers  takes  jilace  with  such  avidity  that  it  goes  on  even 
though  the  temperature  is  markedly  raised  thereby.  A  qualitative  expeii- 
ence  of  this  phenomenon  may  be  obtained  by  walking  in  an  ordinarv  \\oo 
suit  from  a  very  dry  room  at  S()°  C.  to  another  at  the  same  temperature 
but  of  over  50  per  cent  humidity.  The  suit  will  feel  warm  to  le  ouc  i 
twarmcr  than  the  air)  ,  and  this  will  continue  for  a  matter  of  minutes  On 
re",T™irK  “he  ,lrv  room  the  cloth  will  feel  quite  cool.  al.,o  ,.r  a  matter 
of  minute.  T  it  poasil.le  that  when  wearing  wool  gar.ucni,  the  release  o 
at™t"hl:t  ma.v  oceur  on  the  side  next  to  the 

there  and  then  in  some  way  the  water  migrates  without  the  furthei  change 
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of  energy  to  the  outer  part  of  the  ganiieiit  where  evaporation  with  its 
attendant  cooling  again  takes  place?  A  mechanism  of  this  sort  would 
separate  the  point  of  release  of  heat  from  the  point  of  external  dissipation 
of  heat  with  a  consequent  increase  of  insulating  value;  however,  there  is 
no  indication  other  than  the  general  observation  about  the  warmth  of 
wool  that  such  a  mechanism  may  exist. 

There  are  other  matters  in  which  the  measurements  do  not  accord 
entirely  with  the  subjective  impressions  of  the  users  of  the  clothing.  For 
example,  the  Brynje  vest  (a  very  coarsely  knitted  string  undershirt)  has 
been  used  by  large  numbers  of  people  and  for  the  most  part  their  reports 
are  very  favorable,  but  measurements  of  insulation  value,  skin  tempera¬ 
ture  and  sweating  show  surprisingly  little  difference  with  and  without  it — 
a  difference  which,  though  it  is  in  a  favorable  direction,  is  smaller  than  one 
would  expect  subjects  to  detect.  Another  example  is  the  use  of  imperme¬ 
able  fabrics  near  the  skin.  In  experiments  with  impermeable  socks  the 
measurements  and  calculations  usually  show  more  benefit  than  the  subject 
feels. 

There  are  some  variables  concerned  in  clothing  and  in  temperature 
regulation  which  have  been  inadequately  studied.  Foremost  among  these 
is  the  effect  of  grease  of  various  kinds,  both  on  the  skin  and  on  the  clothing. 
There  are  scattered  observations,  usually  without  any  quantitative  data, 
which  suggest  that  grease  may  be  quite  beneficial  in  certain  circumstances 
and  definitely  harmful  in  others  (beneficial  in  the  middle  ranges  of  tem¬ 
perature  but  harmful  in  hot  weather  or  below  freezing) .  This  is  quite 
uncertain,  however,  as  there  has  been  no  systematic  work  on  this  subject. 
Another  matter  that  deserves  attention  is  the  use  of  chemicals  which 
diminish  sweating  such  as  are  contained  in  numerous  toilet  compounds. 

In  considering  the  practical  application  of  any  findings  with  respect  to 
clothing,  it  must  be  borne  in  mind  that  fashion  is  the  primary  considera¬ 
tion  among  the  so-called  civilized  peoples  in  their  choice  of  clothing.  This 
is  true  even  m  army  clothing  or  in  sportswear  although  considerations  of 
their  efficiency  are  much  more  pronounced  and  may  occasionally  be  domi¬ 
nant,  especially  m  the  case  of  clothing  for  the  extreme  north.  The  ordinary 
Furopean  costume  of  both  sexes  is  very  inefficient  in  terms  of  insulation 
value  per  unit  of  weight.  The  furs  of  the  Eskimo  are  at  least  four  times  as 
warm  per  pound.  Their  clothing  embodies  the  principles  of  thickness  with 
ight  weight,  equality  of  protection  over  the  whole  body,  ventilation  next 
o  the  skin,  especially  while  working,  permeability  to  water  vapor,  and 

aredeiT  il’  Present  civilian  clothing  using  thin  materials  which 
are  dense  without  being  particularly  windproof,  and  leaving  large  openings 

around  the  legs  arms  and  neck  is  poor  on  theoretical  grounds  sinL  heft 
can  pour  out  through  the  limbs  and  the  various  openings  eve  tLugh 
the  trunk  .s  well  covere.l.  Marked  tendencies  in  the  direction  of  ^ffie^cy 

fashion  plays  a  large  part.  apliazard.  a.id  even  in  sportswear 
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E,  F.  Adolph 

licii  the  L  iiited  States  entered  World  War  II,  desert  warfare  was  })re- 
doniinaiit  among  military  operations,  "riionsands  of  people  had  schemes 
for  overcoming  the  disadvantages  and  discomforts  of  the  desert  environ- 
LHit.  Clothing  came  in  for  its  share  of  invention.  However,  most  of  the 
ggestions  were  ill  considered,  for  no  one  knew  the  principles  involved 


ment 
sug 


the 

.w  Liy,  i.iv.  priiiciplcs  iiivolved 

in  j)lanning  clothing  to  he  used  by  men  in  deserts.  In  the  few  intervening 
years  some  of  the  essential  knowledge  has  liecome  available.  It  depends 
upon  information  about  (1)  desert  climates,  {'i)  physiological  responses 
of  the  human  body  to  the  climate,  (3)  physical  properties  of  clothing,  and 
(4)  field  tests  of  men  variously  clothed. 

Deserts  are  areas  of  land  where  water  is  scarce,  sunshine  is  intense,  air 
temperatures  often  exceed  l)ody  temperatures,  the  terrain  is  rocky  and 
thorny,  and  wind  is  high.  Each  of  these  characteristics  bears  upon  prob¬ 
lems  of  clothing.  Everyone  of  them  means  that  clothing  is  nearly  always 
preferable  to  absence  of  clothing,  for  reasons  that  will  be  given  subse¬ 
quently. 

It  is  almost  impossible  to  reproduce  a  desert  environment  indoors.  Sun¬ 
shine  with  its  |)ecnliar  distribution  of  wave  lengths,  intensities,  zenith 
angles  and  reflections  is  i)erhaps  the  most  difficult  feature  to  duplicate 
indoors.  Sand,  rock,  creosote  bush,  cactus  thorns,  dust  storms  and  sand 
storms  are  comj)lex  factors.  Hence  it  is  desirable  that  definitive  studies  of 
clothing  be  performed  outdoors,  and  upon  men  who  are  subjected  to  the 
daily  rigors  of  the  desert.  Where  field  tests  are  lacking,  indications  of 
limited  utility  can  be  olitained  from  indoor  tests. 

Sources  of  critical  information  about  men’s  clothing  in  desert  environ¬ 
ments  are  scanty.  Important  empirical  facts  come  from  observation  of 

the  clothes  ordinarily  worn  on  the  desert. 

Criteria  of  the  suitability  of  clothing  are;  (1)  rate  of  man’s  evaporative 
loss;  (2)  rate  of  man’s  heat  gain;  (3)  temperature  of  man’s  skin  surface; 
(4)  accumulation  of  sweat  in  clothing;  {5)  ease  of  movement;  (6)  sun¬ 
burn;  (7)  comfort,  and  (8)  tolerance  or  limit  of  man’s  endurance. 

C(}}frAllIS().\S  OF  AMOUyTS  OF  CLOTHING 
Men  expo.scd  to  summer  sunshine  may  gain  heat  much  faster  when 
nearlv  nude  than  when  clothed.  In  order  to  measure  heat  gam,  sweat  loss 
is  esUmat..,!  l,y  welshing  the  ,nan  hehn-e  an.l  after  tl,e 
Iicrioil.  'I'he  rate  of  sweatins  sliows  rouglily  how  nuich  hc.it  has  .iccess 
he  liocly  aii.1  is  tiiriieil  into  sweat.  Two  tests  ...  11)37  o  ...en  « ho  sat 
snlisliine,  aiter.iately  (c)  f..lly  elotl.e.l  oxeept  for 

...Klcrshorts  o,.ly,  show.-cl  131.  to  IW.  sran.-s  |,er  ^st 

bill  clothimr  The  same  difference  was  found  when  a  man  ' 

lllllvt^lhS  anll  the..  ..early  .....le,  .....ler  hot  ™vir,....-.h..  . t.^.s, 

T  *  f  I  1 ilni  «till  more  sweating  was  avoided  v^ntn  tne  ma  , 
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Similar  tests  were  repeated  on  ten  sitting  subjects  in  1948  (Fig.  61)  . 
One  set  of  five  men  was  clothed  in  herringbone  twill  fatigue  suit,  helmet 
liner,  socks  and  shoes;  the  second  set  of  five  in  only  iindershorts,  socks  and 
shoes.  After  an  hour’s  exjiosiire  to  the  sun  the  sweat  loss  was  nieasiirei  , 
then  the  exposure  was  repeated,  but  the  second  five  men  were  now  fnllv 
clothed.  The  sweat  losses,  when  slightly  corrected  to  body  weights  of  70 
kg.,  averaged  725  grams  per  hour  for  men  nearly  nude,  and  480  for  men 
fully  clothed.  The  difference,  245  grams  per  hour,  is  equivalent  to  142  large 
calories  per  hour,  since  physical  measurements  show  that  evajioration  of 
1  gram  of  water  at  00  to  105°  F.  requires  the  absorption  into  the  vapor  of 
0.58  large  calorie  of  heat. 


Fig.  61.  Direct  comparison  between  rates  of  evaporative  water  loss  of  men  when  clothed 
and  when  nude.  During  the  first  hour  half  the  subjects  wore  twill  suits  and  half  wore  only 
shoes,  socks,  and  undershorts  (brown);  in  the  second  hour  the  two  outfits  were  reversed. 
All  men  sat  in  the  sun  on  wooden  boxes,  with  backs  to  the  sun.  Plach  pair  of  vertical  lines 
represents  the  measurements  upon  one  man;  solid  bars  indicate  averages.  Mean  wind  velocity: 
14  miles  per  hour.  IMean  air  temperature:  104°  P\  Average  nude  body  weight:  73.7  kg.  .lune 
30,  1943,  1330-1545  o’clock.  (From  Rothstein  and  Gosselin,  in:  Adolph  et  al.,^  p.  57.) 


Heat  gams  were  estimated  during  seventeen  further  tests  in  which  rate 
of  oxygen  consumption  and  rise  of  rectal  temperature  were  measured.  The 
oxygen  consumption  constitutes  a  measure  of  heat  production  bv 
metabolic  processes;  the  change  of  rectal  temperature  allows  comimtation 
f  the  net  he.at  stored,  that  is,  added  to  or  subtracted  from  the  bodv 
(A  temperature  X  specific  heat  X  body  weight) .  Or 


Heat  gamed  from  environment  =  heat  lost  by  evaporation  - 
heat  gamed  by  metabolism  -p  heat  stored. 

t,  Je7pi!,''’co(  "-ore  linearl.v  related  to 

ire  (big.  62) .  Ihey  were  actually  found  to  be  less  for  clothe 


tempera- 
men  than 
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for  men  nearly  niitle,  by  110  to  UO  Calories  per  hour.  In  the  long  run  the 
savings  in  these  gains  are  bound  to  eipial  the  economy  in  sweat  loss,  since 
oxygen  consumption  is  not  influenced  by  clothing,  nor  is  heat  storage 
influenced  under  these  conditions.  These  facts  have  been  established  by 
actual  trial  and  not  merely  by  assumi)tion. 

Furthermore,  while  the  rate  of  heat  exchange  increased  linearly  with  the 
air  temjierature,  the  amount  of  exchange  saved  by  clothing  did  not  differ 
significantly  with  air  temperature;  nor  were  the  exchanges  influenced  by 
the  durations  of  exposure. 


Fig.  6^i.  (lains  of  heat  from  environment  hy  me.i  nude  and  by  men  clothed,  at  various  air 

,o,„pe-tures.  Kach  rc„ro.,e„„  one  test  on  one  snbjeet.  f'-  '  7"  C 

shoes  ami  socks.  Clotl.e<l  men  wore  light  summer  army  nn.lorms  w  ith  helmet 
of  (Josselin,  in  .Adolph  et  al:  Physiology  of  Man  m  the  Desert,  pp.  84,  .)0.  j 


Certain  <lecrca.scs  of  sweat  loss  tine  to  clotliiiift  lia\e  Itten  repot tetl  al.' 
by  l!obin.son  (CMK  Report  No.  1  C)  .  Me  contlucletl  oubloor  tests 
antl  at  work  in  fnll  isolation  (1.3  cal./ent.^  tnin.)  Ill 
cent  relative  hnmi.lity,  anti  2  nnics  per  hour  wnttl  ^ 
particular  contlitions,  which  were  not  exactly  those 

11  four  subjeets  at  rest  was  fliniini.shctl  by  wearing  twill  clothing,  ''owete  . 
when  they  were  walking  iipgratle,  then  they  sweated 
shorts  (Fig  (53) .  Evidently  heat  dissii)ation  became  lim  t  j 
ing  hi  this  partie, liar  atmosphere  when  the  heat  production  was  stepped  up. 
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How  does  clothing  protect  man  from  gaining  heat?  At  first  thought  it 
might  be  supposed  that  it  does  so  by  turning  back  the  radiation  that 
impinges.  However,  the  total  reflectivity  of  army  twill  is  no  greater  than 
that  of  the  human  skin.  It  is  possible  that  clothing  stops  the  radiation  at 
a  distance  from  the  skin  and  there  converts  it  into  heat  which  is  trans¬ 
ferred  in  large  part  to  the  air,  only  a  small  part  penetrating  to  the  man’s 
skin  surface.  Even  the  extra  heat  gain  due  to  the  larger  area  presented  by 
clothing,  compared  with  the  area  of  exposed  body,  is  more  than  com¬ 
pensated  for  by  the  insulating  action  toward  radiation.  In  addition. 


Fig.  63.  Rates  of  sweating  by  men  exposed  outdoors  at  rest  and  in  several  grades  of  work 
Clothing  saved  sweat  m  men  at  rest,  but  caused  more  of  it  to  be  secreted  during  heavy  Zork 
(Data  of  Robinson  and  Turrell,  CMR  Report  No.  1  l.s)  ^ 

clothing  slows  the  transfer  of  heat  from  air  to  skin  by  greatly  reducing 
the  air  movement  at  the  skin  surface.  leuucmg 

Indoors  in  dry  heat,  Robinson  (QMC  Report  No.  2^)  found  that  higher 
s^^  eating  rates  prevailed  in  men  walking  in  poplin  uniforms  than  in  those 
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tletermiiicd  by  the  American  Society  of  Heating  and  Ventilating  Engineers 
Laboratory.^ 

Ch'itical  data  upon  men  in  a  room  at  F.  and  14  per  cent  relative 
liiimidity  and  five  different  air  velocities  have  been  supplied  by  the 
Armored  Medical  Research  Laboratory.*’  The  evaporative  losses  were 
studied  in  men  both  nmie  and  clothed  in  twill,  while  standing  and  while 
walking.  Their  results  emphasize  the  fact  that  clothing  reduces  the  gradi¬ 
ent  of  vapor  pressure  between  the  body  surface  and  the  general  at¬ 
mosphere.  However,  in  the  outdoor  desert  this  factor  is  rarely  a  limiting 
one. 

Heat  exchange  is  only  one  of  many  aspects  of  utility  of  clothing.  The 
fact  that  clothing  reduces  the  turnover  of  heat  in  atmospheres  warmer 
than  the  body  surface  shows  that  it  protects  a  man  from  ingress  of  heat 
just  as  surely  as  it  impedes  his  loss  of  heat  in  cold  environments. 

Without  clothing,  sunburn  easily  becomes  a  limiting  factor.  In  the 
desert  a  cpiarter  of  an  hour  of  eximsnre  is  sufficient  to  induce  complete 
reddening  of  the  skin  which  develops  later,  and  one  to  two  hours  of 
exposure  will  blister  the  average  individual. 

The  limit  of  tolerance  of  men  has  not  been  ascertained  in  the  desert. 
Indoors  it  has  been  shown"  that  at  work  men  endure  atmospheres  warmer 
by  3  to  ()  Fahrenheit  degrees  of  wet  bull)  temperature  when  nearly  nude 
than  when  covered  by  summer  uniforms,  and  as  much  as  25  degrees  of 
dry  bulb  temperature.  This  difference  may  well  be  expected  to  disappear 
diiring  insulation  and  breeze,  since  these  factors  abolish  the  advantages 

of  nudity.  i  i  i  4.u' 

Using  expressions  of  comfort  as  a  criterion,  we  hnd  that  clothing  is 

iircferable  whenever  the  sun  shines  on  the  resting  individual.  However, 
the  working  individual  may  at  times  work  so  hard  that  evaporative  cooling 
is  incomplete  under  clothing;  when  this  occurs  its  removal  is  a  tem- 

j)orary  relief. 

HEADGEAR 

Perhaps  the  most  urgent  item  of  clothing  for  desert  use  is  headgear. 
l>ith  helmets  and  ventilated  helmet  liners  of  diverse  desi^i  have  been 
used  in  deserts  for  generations;  perhaps  there  was  rooin  for  ; 

(\)uld  headgear  be  spread  out  to  furnish  larger  shade?  Co  Id  it  be  stuam 
11^(1  for  more  effective  use  in  open  vehicles?  Only  a  small  amount  ot  the 
war  effort  in  this  direction  approached  a  practical  outcome  liecausc  dcsei 
warfare  ceased  before  more  than  preliminary  tests  were  coinpktcd 

.n  Vho  Irlps  assign.., 1  1«  .k'sert  training,  M  I  was  tl.e  stan.lar.l  Anny 

''"ri’t  ..'ir-flow  trnpical  l.elinct  liner  wkici,  represcnlo.I  an  attempt  to 
i.nprovc  hea.lgear  Measuremel  k 

criteria  of  f  Te7/  n  ' 

f:;:  of^lte-r  ..egrees.  This  amount  of 


335 


LABORATORY  AND  FIELD  STUDIES 

shade  is  important  protection.  H.  M.  Sweeney  working  ^ 

Blythe  (Q.M.  test  21«)  and  L.  P.  Herrington  working  >>;doo>-s 

0951^^ 


little  choice  among  the  M  1  liner,  the  Hawley 


>«)  showed  that  there  was  little  choice  among  tne  m  i  imcx,  lx.. 
sun  hat  and  the  British  toque.  Bnt  the  air-fiow  liner  allowed  significantly 
lower  temperatures  to  prevail  within  it.  Little  differenee  was  tonnd, 
.■hether  the  air-flow  helmet  liner  had  one  or  two  layers,  and  whether  or 


w 


not  ahimimim  foil  was  spread  over  its  inner  surface.  The  chief  factors 
in  its  use  appeared  to  be  the  orientation  to  the  wind  and  to  the  sun 
Ordinarily  desert  wind  is  high  enough  so  that  air  is  continuously  renewed 
between  head  and  headgear.  The  air-flow  liner  has  a  larger  surface  than 
the  M  1  liner,  which  was  a  slight  advantage  in  low  wind  but  a  gmve  dis¬ 
advantage  in  high  wind  and  in  open  vehicles.  The  air-flow  liner  was 
designed  for  zones  other  than  combat  zones. 

Almost  no  measurements  have  been  made  of  the  insulating  value  of  the 
several  types  of  liners  when  covered  by  close  fitting  metal  helmets.  \^  hile 
much  radiation  is  absorbed  by  metal,  air  flow  may  often  be  sufficient  to 
remove  most  of  the  heat  before  it  penetrates  to  the  head.  One  test  of 
July  1,  1943,  showed  no  greater  temperature  within  a  steel  helmet  when 
covered  by  a  cloth  isoflex  than  within  a  liner  alone. 

Much  tradition  stresses  the  importance  of  covering  the  neck  by  a  neck 
cloth  or  havelock.  Rationalization  of  this  tradition  suggested  that  dam¬ 
aging  radiation  penetrated  to  the  central  nervous  system  of  this  region. 
No  such  phenomenon  has  been  demonstrated,  and  the  total  amount  of 
additional  radiation  received  on  the  bare  neck  would  average  out  to  be  a 
very  small  amount  indeed.  In  the  desert  the  reduction  of  air  flow  by  the 
havelock  further  reduces  its  potential  value. 

Gas  masks  add  distinct  heat  strain  to  men  both  at  rest  and  at  work  in 
hot  dry  air  (Robinson,  CMR  Report  No.  26®) .  Sweating  rates  were 
increased  by  200  grams  per  hour  even  at  rest  when  a  mask  with  an  im¬ 
permeable  hood  was  worn. 

Goggles  are  important  in  the  desert  to  exclude  both  glare  and  dust.  The 
latter  has  so  far  been  excluded  only  by  the  use  of  goggles  which  also  pre¬ 
vent  ventilation  of  the  space  before  the  eyes.  In  general,  closed  goggles  are 
uncomfortable  in  the  hot  desert  but  are  often  more  endurable  than  the 
dust.  IVIethods  for  evaluation  of  goggles  on  the  desert  are  still  unsatis¬ 
factory. 

COMPARISONS  OF  BODY  CLOTHING 

Limited  measurements  of  physiological  properties  of  men  attired  in 
diverse  desert  clothing  have  been  carried  out.  In  1943  two  tests  were 
made  with  the  following  outfits: 

1.  Standard  issue  herringbone  twill,  two-piece,  with  tropical  helmet 
liner,  boots  and  wool  socks 

2.  Shirt,  cotton,  khaki,  8.2  ounces,  ami  trousers,  field,  cotton  olive 
drab  helmet  M-43,  with  tropical  liner,  boots  and  wool  socks 

TBrIH  j  f knee-length 
(  tish) ,  cotton,  khaki,  with  tro|ucal  liner,  boots  and  wool  socks 

test.  On  Jul>  12,  ten  men  walked  for  two  hours,  five  wearing 
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outfit  1,  and  five  wearing  outfit  2.  The  mean  rate  of  weight  loss  was  1.31 
per  cent  of  the  body  weight  per  lionr  for  outfit  1,  and  1.40  for  outfit  2,  the 
difference  being  not  significant.  On  July  17,  ten  men  walked  for  one  and 
one-quarter  hours,  five  wearing  outfit  2,  and  five  wearing  outfit  3;  then 
outfits  were  interchanged  before  a  second  walk.  IMean  rates  of  weight  loss 
were  1.20  and  1.19  per  cent  per  hour  in  the  first  walk,  and  were  1.51  and 
1.45  in  the  second  walk.  Again  the  differences  were  not  significant. 

Evidently  outdoor  tests  reveal  no  differences  in  rates  of  evaporation 
of  sweat  from  men  variously  clothed  in  light  clothing.  This  fact  may  be 
interjireted  to  mean  that  heat  is  gained  by  the  body  from  the  hot  environ¬ 
ment  (104°  F.)  at  the  same  rate  through  any  complete  covering. 

Indoor  tests  have  likewise  failed  to  reveal  differences  in  rates  of  sweat¬ 
ing  by  men  variously  clothed  in  dry  heat,  as  judged  by  pulse  rates  and 
body  temperatures.  The  following  outfits  were  compared: 

1.  Standard  herringbone  twill,  one  piece 

2.  British  cellular  weave  having  thrice  the  air  permeability  of  the  twill 
(Robinson,  CMR  Report  No.  20^) 

3.  Poplin  jungle  suit 

4.  Byrd  cloth  flying  suit  (Robin.son,  CMR  Report  No.  21®) 

5.  Water-repellent  poplin  (Robinson,  CMR  Report  No.  24®) 

6.  Twill,  two  piece  (Herrington,  SPQRR  400.112^^) 

7.  Flame-proofed  twill,  two  piece  (Horvath,  AMRL  Report  4^) 

On  the  whole  it  is  surprisingly  difficult  to  demonstrate  any  difference 
in  ]ihysiological  responses  between  men  dressed  in  two  kinds  of  light 
clothing,  except  where  vapor-impermeable  cloth  or  impregnation  is  em¬ 
ployed. 

Wetting  the  clothing  is  a  means  of  keeping  cool.  This  fact  has  been 
demonstrated  in  the  desert,  on  life  rafts,  and  in  the  laboratory.  But  dur¬ 
ing  work  or  walking,  wet  clothes  are  inconvenient  since  they  catch  and 

drag,  greatly  impeding  bodily  movements. 

Heavy  clothing  appears,  from  indoor  tests,  to  reduce  greatly  the  tol¬ 
erance  of  man  for  high  temperatures.  However,  outdoors  this  is  sub¬ 
stantiated  only  in  so  far  as  the  clothing  prevents  air  from  getting  under¬ 
neath  it  or  is  impermeable  to  air.  It  is  well  known  that  vapor  permeabilitv 
increases  with  wind  velocitv,  hence  only  air  tight  clothing  need  be  avoided. 
It  is  realized  that  the  thinnest  white  cloth  is  as  complete  a  protection 
against  warm  air,  sun  and  sand  as  is  furni.shed  by  any  body  clothing. 

Partial  tests  have  also  been  made  outdoors  of  the  temperatures  main¬ 
tained  under  various  summer  uniforms  of  cotton  or  of  rayon.  In  twenty- 
four  tests  men  stood  in  the  sunshine,  while  at  throe  fifteen  nuuutc  intorv.als 
tliermocouple  temperatures  were  read  from  points  " 

trousers  No  siguificant  differences  were  found,  indicating  that  f.ictois 
other  than  t.vpe  of  cloth  controlled  the  variations  of  surface  tempcratuies 

v\hmbl"stlldies  have  been  made  on  the  physical  properties  of  clothmg. 
some  of  which  are  important  in  devising  clothing  for  use  m  -lescrts.  One 

difficulty  is  the  fact  that  the 

clothing  are  insufficiently  understood,  and  no  adequate  ,  ■  ■ 
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developed  to  connect  these  properties  with  desiderata.  For  example,  no 
one  knows  whether  it  is  better  to  allow  sweat  to  seep  into  clothing  before 
it  evaporates,  or  to  allow  the  air  such  full  access  to  the  skin  that  no 
moisture  will  soak  into  the  clothing.  It  seems  fairly  certain  that  less  body 
heat  is  dissipated  by  the  evaporation  of  a  gram  of  water  from  the  clothing 
than  from  the  skin.  How  much  less  has  to  be  worked  out  for  diverse 
thicknesses  of  cloth,  wind  velocities,  kinds  of  bodily  movements  and  other 
factors.  Moreover,  different  air  permeabilities  may  be  desirable  at  diverse 
rates  of  sweating,  air  temperatures  and  insulations;  hence  it  is  necessary 
that  adequate  data  be  presented  upon  the  ranges  of  physiological  condi¬ 
tions  that  prevail  in  each  kind  of  practical  desert  life.  All  these  relations 
await  study. 

The  colors  of  cloth  are  important  in  determining  the  access  of  heat  and 
of  ultraviolet  radiation  to  the  skin.  The  reflectivities  of  various  colors  and 
weaves  have  been  reported  (Blum,  1945^) .  Some  colors  such  as  khaki 
reflect  much  more  infra-red  than  visible  radiation.  White  cloth  protects 
the  body  from  total  radiant  energy  more  than  colored  cloth  does,  but 
dyed  cloth  shields  it  more  completely  from  sunburn  radiation.  Exact 
information  for  various  items  of  clothing  worn  in  the  desert  is  not  available. 

In  contrast  to  the  American  or  European  in  the  desert,  the  Arab  wears 
a  full  covering  of  loose  and  flowing  garments;  usually  they  are  white.  Prob¬ 
ably  ventilation  within  them  is  adequate  for  cooling  by  removal  of  sweat 
as  vapor.  Sometimes  the  clothing  is  thick,  also  serving  as  insulation 
against  cold  at  night.  No  doubt  considerable  resistance  is  offered  in  travel¬ 
ing  against  the  wind.  The  tiirbaned  headdress  is  admirably  fitted  to  scatter 
radiant  energy.  While  large  variations  exist  in  the  costumes  of  desert 
dwellers,  the  clothing  worn  represents  in  considerable  part  an  evolution 
related  to  conditions  of  life  in  hot  deserts. 


tUUTUEAK 


Boots  and  leggings  are  of  interest  in  the  desert  because  they  can  protect 
from  rocks,  saml  and  thorns.  Their  suitability  depends  upon  both  design 
and  materia  s.  For  comfort,  sweat  must  be  evaporated,  and  most  evapora¬ 
tion  probably  occurs  through  air  movement  by  bellows  action.  Bellows 
action  alone  however,  is  often  insufficient,  and  for  this  reason  rubber,  and 
per  laps  leather,  IS  m  general  unsuitable  except  for  soles.  During  a  three 
hour  walk  on  July  26,  1943,  fifteen  men  who  wore  high  leather  boots  on 
ne  foot  accumulated  liquid  sweat  under  them,  while  on  the  other  foot 

The  chief  physiological  data  available  upon  footgear  worn  outdoors  are 
eg  and  foot  temperatures.  In  seventeen  tests  of  men  wlo  walked  siondv 
I  ermocouples  next  to  the  skin  revealed  no  significant  differences  si  long 
slcks  r  "11°  cooler  skin  " 

chleflv  n ^^^s  differ 
ment;  no  sigSff  differ  n^t  re^r„Vw^ 
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SUMMARY 

It  is  evident  tlnit  only  limited  empirieally  tested  information  is  available 
concerning  clothing  for  use  in  the  desert.  Much  ingenuity  has  been  exer¬ 
cised  in  devising  materials  and  patterns  to  be  tried.  It  can  be  readily 
realized  that  laboratory  tests  yield  only  jireliminary  answers;  only  field 
tests  done  on  a  large  scale  according  to  carefully  designed  plans  can  supply 
critical  information.  The  physiological  methods  for  making  such  tests  are 
available.  In  surveying  the  present  position  it  seemed  wise  to  review  the 
items  that  have  been  tentatively  comjiarcd,  in  spite  of  the  fact  that 
significant  differences  among  them  have  for  the  most  jiart  not  been  demon¬ 
strated.  In  the  end,  decisive  differences  will  be  found,  and  they  will  replace 
the  opinions  and  votes  upon  which  present  choices  have  had  to  be  based. 

Physiological  methods  measure  in  iiarticular  (a)  the  insulation  iiro- 
vided  by  clothing  from  heat  and  solar  radiation,  and  (b)  the  promotion 
of  evaporation  of  body  moisture.  Both  asjiects  are  imiiortant  means  of 
kce])ing  the  human  body  cool,  especially  during  work. 

C'lothing  stops  radiation  from  the  sun,  sky  and  ground  by  reflection  and 
scattering  of  light  and  heat.  Thin  cloth  of  white  color  in  a  loose  pattern 
is  indicated  for  this  iinrpose.  Where  other  colors  are  required,  some  are 
available  that  scatter  infra-red  jiredominantly.  The  area  of  helmet  liner 
that  can  provide  shade  for  the  head  is  limited  by  its  resistance  to  high 
wind.  Air  should  circulate  between  headgear  and  head.  Boots  should 
allow  interchange  of  air  and  hence  of  moisture  without  jienetiation  of 
sand  and  thorns. 

Choice  of  clothing  for  use  in  deserts  will  take  into  account  the  season 
of  the  year,  locality,  proportion  of  time  the  air  temperature  exceeds  mean 
surface  temperature,  and  proportion  of  time  to  be  spent  in  the  sunshine. 
Interiors  of  vehicles  and  buildings  in  the  desert  often  ])resent  conditions 
utterly  unlike  those  outdoors. 


TROPICS 


Sid  Robinson* 

TROPICAL  CLOTHING 

Tliu  ))cst  cloUiiiig  for  men  in  tile  tropics  is  (letermined  by  tlicir  loention 
ami  activity.  Sedentary  workers  and  indnstrial  workers 

situations  are  not  exposed  to  the  effects  o  i'S'l  ‘I  ^ 

and  tlie  limiting  factor  is  nsnally  high  humidity  in  moderatel.c  ikratid  an 
teinpcratnrcs.  In  tliis  situation  elotliing  must  otter  a  n.inmiiim  of  resis  - 

e‘;rd  rtt‘^h^:':;;dil^^^^  .d:,:!:  an,u:™in  ,m;;‘::a,ii'ire  :i"dce 

wliich  do  not  confront  tlie  average  resident.  T’'-'  ^  ,|„gieal 

.  n  •  1  1  t  to  Ills  wife  Mine  H-  Robinson,  for  help  m  preparing  the 

*  The  author  is  greatly  indebted  to  his  wiie,  . 

nianuseript  of  this  chapter. 
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The  tropical  soldier’s  clothing  must  be  cool;  in  its  capacities  as  a  reflector 
and  an  insulator  it  protects  the  body  to  some  extent  against  absorption 
of  heat  from  an  environment  with  high  air  temperature  and  intense  radia¬ 
tion,  but  at  the  same  time  it  acts  as  a  barrier  to  the  dissipation  ot  body 
heat,  a  factor  which  is  particularly  important  when  men  are  working. 
Keeping  the  clothing  clean  and  dry  is  an  important  factor  in  skin  health, 
the  maintenance  of  which  is  recognized  now  as  the  most  difficult  medical 
])roblem  of  troops  in  the  tropics.  The  soldier  has  to  spend  his  nights  w  ith 
only  his  clothing  as  protection  from  cold  and  insects.  In  w^et  tropics  he  is 
exposed  to  rain  and  must  frequently  w^ade  through  mud  or  w^ater.  There¬ 
fore  his  clothing  should  retain  a  minimum  of  w'ater  wdien  wet  and  should 
dry  quickly.  The  latter  properties  contribute  much  to  his  w^armth  and 
comfort  when  he  is  ex])Osed  at  night  since  the  heat  of  vaporization  involved 
in  drying  his  w^et  clothing  is  extracted  from  his  resting  body.  He  may  have 
to  go  for  weeks  without  replacement  of  clothing  and  therefore  its  dura¬ 
bility  is  a  major  concern. 


Physiological  Evidence  of  Heat  St^'ain 
The  strain  showm  by  a  man  exposed  to  hot  environments  may  be  indi¬ 
cated  by  his  rate  of  sw^eating,  skin  temperature,  rectal  temperature  and 
heart  rate.  Variations  in  clothing  worn  by  a  man  may  seriously  affect  the 
degree  of  heat  strain  he  will  exhibit  under  a  constant  environmental 
stress.  Of  the  above  measurements,  the  subject’s  rate  of  sweating  and  skin 
temperature  are  most  sensitive  to  changes  in  heat  stress  or  clothing  over 
a  wide  range  of  conditions.  Heart  rate  and  rectal  temperature  are  insen¬ 
sitive  measures  in  conditions  in  which  the  subject  is  under  little  heat 
stress,  but  become  increasingly  important  measures  as  the  stress  is  in¬ 
creased.  These  responses  of  a  man  to  heat  stress  exhibit  themselves  most 


uniformly  if  the  stress  to  be  measured  is  superimposed  upon  a  constant 
work  stress. 

The  physiological  basis  for  the  above  evaluation  of  sw'eating,  skin  tem- 
peiatuie,  heart  rate  and  rectal  temperature  as  criteria  in  evaluating  hot 
climate  clothing  is  exemplified  in  Figure  64  presenting  data  from  experi¬ 
ments  by  Robinson  et  aid  in  wdiich  clothed  subjects  wdio  w'ere  w^ell  accli¬ 
matized  to  w^ork  in  the  heat  w^alked  on  the  treadmill  in  environments 
where  the  temperature  and  relative  humidity  were  varied.  At  the  low^est 
values  of  relative  humidity  used  in  the  study,  the  men’s  skin  temperatures 
and  rate.s  of  sw^eating  w'ere  both  elevated  significantly  with  each  5°  C. 
increase  in  dry  bulb  temperature  betw'een  23  and  50°  C.;  in  the  same 
pperiments  neither  heart  rate  nor  rectal  temperature  w^as  elevated  to  anv 
important  degree  by  increasing  the  dry  bulb  temperature  up  to  45°  C.,  and 
they  w^ere  only  slightly  raised  in  the  experiments  at  50°  C.  with  15  per  cent 
relative  lumiidity.  At  a  dry  Iiiilb  temperature  of  C.,  raising  the  humid¬ 
ity  had  no  effect  on  any  of  the  functions.  At  28°  C.  the  men's  rates  of 
sweating  and  skin  temperatures  increased  ourviliuearly  witli  increasing 
ilimici  y  iir  neither  heart  rate  nor  rectal  temperature  was  increa.sed 
significantly  above  their  values  at  23°  C.  The  effects  of  iucreasiue  relative 

as  I’he  d''  -T'  u  V"'"'  hecanie  more  and  more  pronounced 

t .  t  e  dr.\  bulb  temperature  wms  raised  above  28°  C 
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It  is  appaient  that  sweating  aiul  skin  tcnij)crature  both  varied  directly 
with  changing  air  temperature  and  humidity  over  ])ractically  the  entire 
range  of  conditions  encountered  in  the  study.  This  is  to  be  expected  since 
they  are  the  two  prineijial  ])hysiological  adjustments  representing  the 
.  lines  of  defense  against  overheating.  The  skin  temperature  reflects  the 
degree  of  cutaneous  vasodilatation  required  for  heat  transport  to  the  skin; 


corresponding  exposure. 


swcitine  is  the  Ixiilv’s  principal  pnivi.sinn  for  evaporative  cooling.  The 
2^’  a^nrge  rectai  teb>eralnre  was  C.  in  perfornnng  tins  gra,le 

of  work  in  t  Lol  environlnent  C.)  •  Their  rectal  tejnperatnres  were 

not  affeete.1  to  any  in.portanl  .legree  ,*2'Lviron' 

wi<lc  range  of  con.litions  and  rose  ah(>ve  .W  (,  on  y  l^^^^^t 
mental  heat  stress  became  very  great;  i.e.,  at  least  33 
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or  38°  C.  with  61  per  cent  relative  humidity.  It  was  elevated  excessively 
only  when  the  sweating  and  circulatory  adjustments  were  inadequate  in 
regulating  body  temperature.  Serious  circulatory  strain,  manifested  by 
high  heart  rate,  appeared  only  when  the  heat  stress  became  so  seveie  that 
rectal  temperature  was  significantly  elevated  above  the  control  values. 

These  data  on  clothed  men  at  work  are  qualitatively  similar  to  those 
for  nude  men  and  for  men  maintaining  lower  metabolic  rates,  although 
quantitatively  the  physiological  effects  of  a  given  heat  stress  are  increased 
by  increasing  metabolic  rate  and  also  by  the  wearing  of  clothing  by  the 
subject.  Equivalent  alterations  of  heat  stress  will  produce  the  same 
responses  whether  the  stress  is  caused  by  clothing  or  by  the  external 
environment.  Table  25  gives  an  example  of  the  effects  of  clothing  on  the 
responses  when  work  and  environmental  effects  are  held  constant. 


Table  25.  Comparison  of  Water-absorbent  Fabrics* 


Suitf 

Number 
of  Tests 

Sweat 

kg./hr. 

Evapora¬ 

tion 

% 

Skin 

Tempera¬ 

ture 

°C. 

Rectal 

Tempera¬ 

ture 

°C. 

Heart 

Rate 

Herringbone  twill. .  . 

2 

.90 

54 

35  3 

37.9 

118 

Cellular  weave . 

4 

.84 

55 

34.8 

37.8 

116 

Poplin . 

14 

.82 

60 

34.7 

37.8 

114 

Byrd  Cloth . 

2 

.79 

64 

34.7 

37.8 

112 

Nylon,  3  oz . 

2 

.72 

73 

34.5 

37.8 

112 

Nonet . 

*  -  •  !» 

2 

.50 

90 

33.1 

37.9 

103 

various  waier-aosorbent  tabncs  in  clothing  worn  by  two  subjects  during 
tliree  hour  walks  on  a  treadmill  at  a  speed  of  5.6  km. /hr.  up  a  2.5  per  cent  grade.  Room  tem¬ 
perature  was  30.5  C.,  with  humidity  80  per  cent  and  air  movement  70  m./min.  The  figures 
given  represent  the  average  values  obtained  on  both  subjects  in  the  three  hour  experiments. 
1  lie  subjects  suits  were  dry  at  the  beginning  of  each  experiment. 

tail  insirtheTanr'^ 

t  Subjects  wore  only  shoes,  socks  and  athletic  supporters. 

In  comparisons  of  clothing,  only  the  clothing  should  be  varied  between 

shouid’be  1“",  the  reactions  of  the  subject 

should  be  kept  as  nearly  constant  as  possible.^  The  characteristics  of 

lothmg  winch  may  influence  the  heal  stress  which  it  imposes  oL  Li! 
ness  densi  V  variations  in  material,  fhick- 

sorp’tion,  (6)  im^rgn-iei^amf 

r4r“:vtr^uh?“ 

mg  objects,  (d)  metabolic  rati  if  U  e  sXeT\cr  T  '  "f  V''"?"'*' 
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\\  ithout  the  precise  control  of  all  of  these  factors  accurate  comparisons  of 
clothing  are  impossible.  In  liehl  tests  of  clothing  a  number  of  these  factors 
cannot  be  controlled  from  one  experiment  to  another  and  therefore  the 
observer  must  rely  to  a  large  extent  on  the  subjects’  estimates  of  the 
clothing  in  regard  to  coolness,  skin  comfort,  appearance  and  design.  The 
rates  of  sweating  and  the  percentage  of  the  sweat  evaporated  by  subjects 
in  standardized  marches  are  the  best  of  the  above  j)hysiological  criteria 
for  use  in  the  field.^  ITotection  from  insects  and  trauma  can  best  be  deter¬ 
mined  in  the  field.  The  final  evaluation  of  clothing  should  be  based  on 
both  extensive  field  tests  and  lalioratory  tests.  Such  trials  should  be  run 
if  j)ossible  under  the  actual  conditions  for  which  the  clothing  is  designed. 


Exposure  of  Skin 

For  men  working  indoors  in  a  warm,  humid  atmosphere,  clothing  made 
of  any  of  the  common  fabrics  significantly  increases  the  heat  strain  shown 
by  the  men.^’  ^  This  is  shown  in  Table  25  which  gives  data  from  Robin- 


Table  2G.  The  Effects  of  a  Poplin  Tropical  Suit  and  of  Shorts  on  a  Man  Working 

IN  Humid  Heat* 


Air 

Tempera¬ 

ture 

°C. 

Relative 

Humidity 

% 

Itectal 

Temperature 

Skin 

Temperature 

Sweat 

Heart  Rate 

Shorts 

°C. 

Poplin 

°C. 

Shorts 

°C. 

Poplin 

°C. 

Shorts 

kg./hr. 

Poplin 

kg./hr. 

Shorts 

Poplin 

30.5 

32.8 

80 

90 

37.8 

37.8 

37.7 

38.6 

33.1 

35.0 

34.4 

36.7 

0.50 

0.95 

0.75 

1.38 

90 

110 

105 

133 

*  The  suliject  walked  on  a  treadmill  at  5.6  km./hr.  up  a  2.5%  grade  in  both  experiments. 
Values  of  heart  rate  and  rectal  temperature  were  observed  at  the  end  of  two  hours  of  w^alking 
in  the  respective  environments;  values  of  sweating  and  skin  temperature  are  averages  for  the 


entire  exposures. 

son’s®  experiments  in  which  the  effects  of  wearing  sliorts  are  compared 
witii  tlie  effects  of  wearing  suits  made  of  a  number  of  different  fabrics. 
'I'lic  physiological  difference  between  the  hottest  and  the  coolest  suits  was 
much  less  than  the  difference  between  the  coolest  suit  and  shorts,  with 
skill  temperature,  sweating  ami  heart  rate  all  significantly  lower  when  the 
subjects  wore  shorts.  'I'lic  percentage  of  sweat  evaporated  was  inuc 
greater,  but  the  actual  amonnt  of  sweat  evaporated  was  less  in  shoits  than 
in  any  of  the  other  clothing.  This  suggests  th.at  the  efficiency  of  ^^‘Tiora- 
tion  in  cooling  the  body  may  be  greater  when  it  takes  i.lace  ‘’'‘'‘'‘jJ'T  '  ^ 

the  skin  than  when  it  takes  place  from  the  outer  surface  of 
Kobinson  and  Tiirrell®  have  found  that  the 

reverit?'  of  ilic  humid  heat  stress  (IkU  C.,  with  relative  linmidi ty  DO  per 
cent).  Ill  this  severe  heat,  clothing  not  only  caused  a  greater  ‘I'fference 
in  sweating,  skin  temperature  and  heart  rate  nit  also  firoiiglit  about 
significant  elevation  of  rectal  temperature  ( 1  able  20)  . 


343 


LABORATORY  AND  FIELD  STUDIES 

The  advantage  of  having  the  skin  bare  was  also  observed  in  men  work¬ 
ing  at  the  above  rate  in  environments  where  air  and  radiation  temperature 
exceeded  skin  temperature  by  as  much  as  15”  C.’  Figure  «5  shows  the 
effects  of  clothing  worn  by  a  man  during  six  hour  walks  in  an  air  tempera¬ 
ture  of  50°  C.  with  a  wet  bulb  temperature  of  28.3°  C.  He  maintained  his 
body  weight  throughout  the  experiments  by  drinking  0.1  per  cent  salt 
solution.  Under  these  conditions,  he  exhibited  much  less  evidence  of  strain 
when  he  wore  only  shorts,  shoes  and  socks  than  when  he  was  clothed  in 
a  poplin  tropical  suit.  His  skin  and  rectal  temperatures  were  distinctly 
lower  throughout  the  experiment  and  the  characteristic  decline  in  sweating 
less  in  the  exposure  in  which  he  wore  shorts.  The  total  amount  of  sweat  he 
secreted  during  the  first  four  hours  was  700  cc.  more  in  clothing  than  in 


lug.  05.  Effects  of  a  poplin  tropical  suit  and  of  shorts  on  the  thermal  balance,  sweating 
and  heart  rate  of  a  man  walking  at  5.6  km./hr.  up  a  2.5  per  cent  grade.  The  dry  bulb  tempera¬ 
ture  was  50  C.  and  the  wet  bulb  temperature  was  28.3  in  both  experiments. 

shorts,  whereas  during  the  last  two  hours  his  sweating  and  evaporation 
deehned  to  lower  levels  when  he  wore  clothing  than  when  he  wore  shorts 
Associated  with  this  failure  in  evaporation  was  a  rise  of  5  per  cent  in 
metabolism  and  a  particularly  pronounced  rise  of  body  temperature  near 
the  end  of  the  clothing  experiment. 

Table  27  gives  the  partitional  heat  exchange  of  the  subject  at  four  stages 
of  these  two  experiments.  Although  the  work  performed  was  the  same  in 

higher°l'^^^'^”'M'^'’^*i’  metabolism  was  from  5  to  10  per  cent 
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him.  During  the  second  liour  of  the  clothing  experiment,  before  lie  had  at¬ 
tained  thermal  equilibrium,  his  evaporation  and  heat  gain  by  radiation 
plus  convection  were  both  about  the  same  as  corresponding  values  in  the 
experiment  in  which  he  wore  shorts.  During  the  third  and  fourth  hours  of 
both  experiments  our  subject  maintained  thermal  equilibrium,  but  his  heat 
of  vajiorization  of  moisture  was  increased  to  44'-2  Cal./m.-/hr.  in  clothing 
and  declined  to  304  Cal./  m.Vhr.  for  the  same  jieriod  in  shorts.  A  difference 
of  10  ("al./  ni.-/hr.  in  his  heat  of  metabolism  during  this  period  accounted 
for  only  one  fifth  of  the  difference  in  evaporative  requirement  between  the 
two  experiments,  the  other  four  fifths  being  due  to  increased  absorption 
of  heat  by  radiation  and  convection.  The  increase  of  heat  gain  from  the 

Tahle  27.  The  Eeeects  of  the  Poplin  Tropical  Suit  and  of  Shouts  on  the  Pahtitional 
Heat  Exchange  of  L.  (1.  Walking  at  5.(i  km. /hr.  up  a  2.5  per  cent  Grade 
(The  dry  butt)  temperature  wa.s  50°  C.  and  the  wet  bulb  temperature  28.3°  C.  in  both  experi¬ 
ments.  All  values  are  expressed  in  Calories  per  meter  square  of  body  surface  per  hour.) 


1  ime 
Elapsed 

Clothing 

Heat  of 
Metab¬ 
olism* 

Evapora¬ 

tion 

Heat 

Stored 

Radiation 

plus 

Convectionf 

2nd  hr. 

pMpllrt  .  . 

180 

420 

6 

240 

Shorts . 

173 

417 

0 

244 

Difference . 

7 

3 

6 

2 

Av.  3rd  and 
4th  hrs. 

183 

442 

3 

202 

Shorts . 

173 

304 

2 

223 

Difference . 

10 

48 

1 

30 

Av.  5th  and 
(»th  hrs. 

102 

354 

2(5 

188 

Shorts . 

178 

3(50 

5 

187 

- -  - 

14 

-() 

21 

1 

_ 

"'t  S'wion  pU,s  eonvecliuu  is  tl.e  rcmsiiulcr  after  the  heat  of  ntctala.Iis.u  was  s„l.traete.l 
from  the  sum  of  evaporation  plus  gam  of  stored  body  heat. 

et.virot„.,e,tt  .l.trit.g  tite  pcfiotl  „f  ll.t.fmul  ‘'-''''f  ""I” 

latotl  t.,  tl.e  fact  that  I, is  clotit.ng  ha, I  I, cento  ahont  ‘'A";  ' V 

sweat  and  this  involved  increased  evai>oration  from  the  labile, 

rnmmm 

both  experiments  and  a  partial  drying  out  of  the  gaimcnts 

is  dear  front  those  data  thalsttniios  of  the  het 

itiott  involving  only  two  of  throe  itiechaitisni 

ing.  It  is  also  obvions  that  bocaitso  of  lattguc  ot  the  sveat  g 
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in  the  prolonged  exposure,  the  rate  of  sweating  after  the  third  hour  is  not 
a  criterion  of  the  heat  stress  by  the  clothing  or  the  environment. 

Gagge  et  al.^  have  found  that  in  dry  heat  with  environmental  air  and 
radiation  temperatures  of  39°  C.,  clothing  reduced  the  heat  gain  by  radia¬ 
tion  and  convection  of  resting  men  by  about  16  Cal./m.“/hr.  and  saved 
them  an  equivalent  amount  of  evaporation.  The  over-all  economy  to  the 
organism  of  this  saving  in  evaporation  may  be  questioned,  however,  since 
the  skin  temperature  was  1°  C.  higher  when  the  men  wore  clothing  than 
when  they  were  nude.  In  longer  exposures  in  which  the  men  and  clothing 
could  reach  a  steady  state  in  their  partitional  heat  exchange,  the  difference 
in  evaporation  might  have  been  less.  Turrell  and  Robinson^  found  that 
men  resting  in  the  summer  sun  in  Indiana  gained  60  Cal. /hr.  less  heat 
from  environmental  radiation  when  clothed  than  when  nude.  This  advan¬ 
tage  of  wearing  clothing  in  the  sun  disappeared  in  hard  work  where  the 
amount  of  metabolic  heat  to  be  dissipated  was  increased  significantly. 
(See  Fig.  29  in  chapter  on  Physiological  Adjustments  to  Heat.)  Molnar 
et  al}^  have  found  that  resting  nude  men  gained  40  to  70  Cal. /hr.  more 
heat  from  the  tropical  sun  than  clothed  men.  (See  Fig.  28  in  chapter  on 
Physiological  Adjustments  to  Heat.)  Thus  thin  clothing  over  the  skin 
contributes  to  the  comfort  of  men  resting  in  the  tropical  sun  by  reducing 
heat  gain  from  the  environment.  It  also  serves  to  protect  them"  from  sun¬ 
burn  and  is  especially  important  in  this  respect  before  protective  pig¬ 
mentation  is  developed. 

Well-ventilated  tropical  helmets  have  been  found  to  save  men  an 
average  of  55  grams  of  sweat  per  hour  when  they  were  sitting  or  walking 
m  the  sun.*’  In  addition  to  this  economy  of  sweat,  the  helmets  also  shaded 

the  men  s  eyes  and  kept  the  tops  of  their  heads  about  6°  C.  cooler  than 
when  they  were  bareheaded. 


r  a  ones 


A  number  of  fabrics  have  been  compared  on  men  working  indoors  under 
simulated  tropical  conditions.-^  Table  28  gives  characteristics  of  suits  made 
of  representative  fabrics  and  Table  25  gives  the  physiological  data  from 
le  experiments.  Using  the  men’s  skin  temperatures,  rates  of  sweating 
am  per  cent  of  sweat  evaporated  as  criteria  of  heat  strain  the  cc2ZTot 

from  4  to  4(1  ciiliic  feet  per  minute  at  a  pressure  eqnart'o/5  ‘'r 

-n.  Experiments  by  Hobiiilll'/i^ Sqna.  W 
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difTereiice  between  lierririgbone  twill  anti  Byrd  cloth  suits  was  reduced 
after  the  third  hour  when  both  suits  had  become  wet  with  sweat. 

A  cotton  seersucker  fabric  having  only  three-fourths  the  weight  per 
square  yard  of  the  thin  smooth  fabrics,  Byrd  cloth  and  jioplin,  was  found 
to  be  hotter  than  those  falirics.^^  This  difl'erencc  was  ascribed  to  the 
puckered  surface  of  seersucker  which  trajis  air  into  small  pockets  and  gives 
it  an  effective  insulating  thickness  and  resistance  to  vapor  transfer  which 
is  greater  than  that  of  a  smooth  fabric  of  equal  weight.  Nylon  fabrics  were 
not  found  to  have  any  sjiecial  ])ro])ertics  of  coolness  not  possessed  by 
cotton  fabrics  of  equal  thickness  and  weight. 

It  should  be  kept  in  mind  that  the  fabrics  subjected  to  these  tests  are 
cloths  which  are  rugged  and  practicable  for  work  clothing.  Even  thinner 
fabrics  which  are  several  times  more  permeable  are  cooler  and  may  be 
used  to  advantage  in  sedentary  civilian  occiqiations. 

The  above  laboratory  results  were  confirmed  in  field  studies  by  Ferry, 
Robinson  and  Ashe  carried  out  in  the  swanqis  of  Florida  where  trojiical 
suits  made  of  herringbone  twill,  8.2  oz.  khaki  twill,  poplin,  Byrd  cloth  and 


'Fable  '28.  Physical  Measurements  and  Characteristics  of  Clothing  Made  of  Various 

Fabrics 


('Fhe  first  four  suits  were  of  cotton  fabrics.) 


Suit 

Weight 

Thickne.ss  of  Clotli 

.Vir  Permeability 

gm. 

]3(it 

ill. 

0 .  &Z5 

c.f.m. 

24 

1205 

0.021 

10 

1023 

O.OKi 

5 

025 

0  013 

4 

Nylon  3  oz . 

523 

0  007 

21 

British  cellular  weave  were  eon,pared>  -  SohlicT  subjects  Preferred  to 

wear  suits  made  of  Herd  cloth  and  pophu  because  they  Iclt  that  they 

limmthcr  on  the  skiu',  more  comfortahle  and  cooler. 

walks  over  a  standard  course  through  the  swamp,  there 

in  the  men’s  rates  of  sweating,  rectal  tempera  ures  or  l  ea  t  " 

thev  wore  the  different  suits.  This  was  probably  ,  ue  to  the  eftects  ot  . 

number  ot  other  unavoidable  variables  encountered  ''''"’'f 

serious  di.sturbance  by  the  insects.  nhtlmlatc  for  mosquito  re- 

„.,„rcgnatious  of  clothing  -  from  poison 

pellency,  or  by  the  Chemical  f  „,e  clothing  to  the 

ga.ses  do  not  significantly  '^oiVil  in  humid  heat.=. 

dissipation  of  Imd.y  heat  "" „f  solar  radiation.  Experi- 

r:itfhat:hot:tirkt!kf^  jungle  uniforms  were  cooler  on  men 
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marching  in  the  summer  sun  than  olive  drab  jungle  uniforms  made  of  the 
same  fabricd-^  Bluini'-  gives  data  showing  that  khaki  twill  reflects  5(5  per 
cent  of  the  sun’s  radiation  and  olive  drab  herringbone  twill  reflects  only 
per  cent  of  the  total  solar  radiation.  Christensen/^  in  exjiosures  of  men 
to  indoor  artificial  radiation  from  a  bank  of  infra-red  and  ultraviolet 
lamj)s,  found  no  physiological  difference  between  the  two  colors  of  fabrics, 
an  observation  which  was  later  confirmed  by  Robinson  in  exposures  of 
men  to  a  bank  of  ultraviolet  and  1500-watt  mazda  lamps.  It  thus  seems 
that  the  two  fabrics  reflect  about  equally  the  radiation  from  the  lamjis 
which  is  iiredominantly  infra-red. 

Since  evaporation  is  the  major  avenue  of  heat  loss  by  men  working  in 
hot  environments,  it  was  important  that  the  above  physiological  results  be 
correlated  with  physical  measurements  of  vapor  resistance  of  the  fabrics. 
Fourt  and  Harris^"  of  the  Textile  Foundation,  National  Bureau  of  Stand¬ 
ards,  developed  a  method  of  measuring  the  resistance  of  the  fabric  itself, 
separating  this  from  the  resistance  of  air  spaces,  since  the  rate  of  evapora¬ 
tion  is  determined  by  the  heat  supply  and  by  the  rate  of  diffusion  of  water 
vapor.  With  this  method  they  found  that  the  resistance  of  cotton  and 
wool  fabrics  varied  in  only  a  small  range  with  changes  in  density  of  weav¬ 
ing,  falling  between  two  and  four  times  the  resistance  of  an  equal  thickness 
of  air.  In  cotton  and  wool  fabrics,  the  resistance  was  much  more  influenced 
by  the  thickness  of  the  cloth  than  by  its  porosity  or  openness  of  weave. 
1  hese  important  observations  explain  the  physical  basis  for  the  physio¬ 
logical  results  outlined  above.  Further  experiments  by  Fourt  showed  that 
with  nylon,  cellulose  acetate,  vinyon  and  glass,  all  low  in  capacity  to 
absorb  water,  the  resistance  to  vapor  transfer  increased  rapidly  with 
increasing  density  of  weaving,  to  values  twenty  or  more  times  that  of  air. 
d  his,  and  his  experiments  on  cellophane  sheets,  indicate  that  water  vapor 
passes  through  the  substance  of  cotton  and  wool  in  significant  amounts 
as  well  as  through  the  air  spaces  between  fibers. 


Design,  1  entdation,  Extra  Layers  of  Fabric 
One-piece  and  two-piece  Army  fatigue  suits  were  compared  for  coolness 
and  tound  to  have  no  significant  difference  when  men  working  in  humid 
leat  wore  them  normally  closed However,  the  two-piece  suit  is  preferable 
lecause  it  is  more  versatile;  i.e.,  when  conditions  warrant  it,  the  shirt  can 
be  removed  ami  greatly  increase  a  man's  coolness  and  comfort.  Effective 
vent.latmn  m  hot  clmrate  clothing  is  a  distinct  advantage  in  keeping  men 
oo  pemng  collar,  cuffs,  and  trouser  legs  was  tound  to  add  appreciable 
to  he  ventilation  through  clothing.  Unliuttoning  the  shirt  was  even  more 
e^ctive  nearing  a  pack  with  tight  belt  and  shoulder  strapl  greatlv 
dec  eased  vent,  at, on.  Special  vents  and  net  areas  when  I i ,'dled  to  tl re 

;,.i  rrn\:Z  rlrv//tr;  of  trunk 

n.en  cool  than  exposi/g  tl’,:  it^b^^eZ;  trt  » 

be^eZrLy  :e~^^  climate  clothing  can 

cable.-^  ^8  The  Armv  jungle  iin  form  -in  1  il 

A™,,v  Air  Eorces  w. '  fofmd  tot  m:’’;:  cte/X/et/tter//:! 
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gas  protective  fia])s  were  removed.  Sleeveless  undershirts  and  underwear 
shorts  were  found  to  add  aj)precial)ly  to  the  heat  load  of  men  working  in 
humid  heat.  Brynje  or  net  vests  have  been  considered  for  wear  underneath 
the  summer  flying  suit  by  aviators  flying  from  hot  gronnd  positions  to 
cold  atmosi)heres  at  high  altitudes.  Both  field  and  laboratory  experiments 
have  ])roven  that  Brynje  vests  add  to  the  heat  load  of  men  working  in 
hot  environments  but  do  not  significantly  raise  the  skin  temperatures  and 
rates  of  sweating  of  men  resting  in  the  heat.^’'’  It  is  obvious  that  the  chim¬ 
ney  effect  which  is  sujiposed  to  be  effective  in  ventilating  the  skin  of  men 
wearing  the  vests  in  cold  environments  would  not  exist  in  warm  environ¬ 
ments  where  the  air  temperature  is  about  the  same  as  a  man’s  skin 
temjierature. 

Effect  of  Wind  and  Clothing 

In  air  temperatures  of  ^8,  84  and  4(>°  C.,  varying  the  air  permeability 
of  their  clothing  from  H  to  40  cubic  feet  per  minute  nnnle  no  consistent 
difference  in  working  men’s  rates  of  sweating,  skin  temperatures  and  heart 
rates,  nor  diil  it  alter  to  any  important  degree  heat  exchange  by  the  ave¬ 
nues  of  radiation,  convection  and  evaporation.-"  A  change  in  air  movement 
from  5  to  184  m./min.  made  practically  no  difference  in  this  relationship. 
At  '■28°  C.  the  working  men  were  more  comfortable  in  shorts  than  in  either 
suit  although  there  was  little  stress  due  to  wearing  the  clothing.  Ihey 
sweated  less  and  the  wind  was  more  effective  in  reducing  evaporative 
retjuirements  when  they  wore  shorts  than  when  they  wore  clothing.  In 
each  of  the  environments  at  84  and  4(1°  C.  the  heat  stress  as  indicated  by 
the  above  functions  was  less  on  the  men  in  shorts  than  it  was  in  clothing. 
The  stress  imposed  l)y  wearing  the  clothing  was  reduced  by  lowering  the 
air  temperature,  and  at  each  air  temperature  the  stress  was  further  re¬ 
duced  by  increasing  the  air  movement.  Increasing  air  movement,  and 
thus  convection,  increased  the  heat  stress  on  the  men  wearing  shorts  at 
4()°  (’  but  even  at  the  highest  air  movement  the  stress  was  less  on  the 
men  in  shorts  than  in  clothes.  These  results  confirmed  the  author’s" 
original  observations  that  the  iiorous  British  cellular  weave  dcies  not  make, 
cooler  clothing  than  the  thinner  but  more  tightly  woven  fabrics. 

Correlated  with  the  above  jiliysiological  data  are  the  observatioms  o 
Fourt  and  Harris^"  on  the  effects  of  wind  and  fabrics  on  evaporative 
cooling.  An  artificial  sweating  apparatus,  which  could  be  l^ssed  "  dif¬ 
ferent  fabrics,  was  constructed  by  Fourt  in  collaboration  with  I)i. 

F.  DiiBois  and  Mr.  (i.  F.  So.lerstrom  of  Cornell 

mounted  in  a  wind  tunnel.  The  tests  ranged  from  mosquito  netting  to  ti  e 
most  tightlv  woven  fabrics  and  cellophane,  and  me  nded  experiments  o 

of  the  clothing  and  as.sociated  air  laveis  a  s  ^  ^  ^  ^  ^ . ^ 


of  the  clotning  ami  ..  ..  .  tlw*  f-ibric  (  \  in  cnbi 

1  (V  miles  oer  hour)  or  air  permeability  ol  the  talnie 
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kg.  cal.  per  square  meter  per  hour  per  millimeter  vajior  pressure  difference 
between  skin  and  air,  P)  is 

=  3  +  (0.3  +  0.004  A)  V 

Any  kind  of  faliric,  even  mosquito  netting,  cuts  down  the  air  movement 
and  evaporation  liy  a  large  factor.  The  evaporation  from  bare  wet  surfaces, 
such  as  face  and  hands,  is  much  larger  than  that  through  any  fabric,  and 
is  much  more  sensitive  to  air  movement.  Evaporation  from  wet  fabric  is 
similarly  large  and  sensitive,  but  is  less  efficient  in  cooling  the  body  than 
evaporation  from  the  skin.  This  is  correlated  with  the  above  data  which 
show  that  in  hot  environments  the  wearing  of  clothing  liy  men  greatly 
increases  the  physiological  strain  over  that  experienced  when  the  skin  is 
bare.  Among  the  strong  fabrics  used  for  army  clothing,  variations  in  air 
})ermeability  from  A  =  50  down  to  zero  make  little  difference  unless  there 
is  much  air  movement.  Hence  both  the  physical  and  jihysiological  data 
.show  that  tight  weaving  to  prevent  mosquito  bites  imposes  no  more  heat 
burden  than  that  presented  by  other  fabrics  such  as  herringbone  twill,  and 
if  the  tight  fabric  is  thin,  may  impose  less  burden. 


Footwear  in  Hot  CVimates 

The  care  of  the  feet  is  one  of  the  major  problems  of  men  in  tropical 
climates.  High  topped  boots  are  a  disadvantage  in  that  they  cause  irrita¬ 
tion  and  overheating  of  the  legs  and  this  may  contribute  to  the  develop¬ 
ment  of  jungle  sores  so  prevalent  around  the  ankle  and  lower  leg.  The  best 
sock  for  marching  in  hot  climates  is  one  with  a  fairly  heavy  woolen  knit 
sole  and  a  light  cotton  knit  upper.  The  cushion  sole  sock  of  the  OQMG 
IS  an  excellent  development  along  this  line.  Wearing  heavv  woolen  socks 
around  ankles  and  legs  is  hot  and  leads  to  local  prickly  heat.  Lt.  Colonel 
Lawrence  Irving,  AAF,  and  his  colleagues  at  Eglin  Field,  Florida,  showed 
conclusively  that  ventihatioii  of  the  feet  obtained  by  wearing  sandals  will 
prevent  as  well  as  cure  fungus  infections  of  the  feet  which  are  so  prevalent 
n.  hot  c  imates  Tins  is  a  practical  procedure  for  all  personnel  in  the  tropics 

Tse  of  the'ide:  "  "’‘gl'*  -'‘ke  .oZ 

In  walking,  friction  between  the  layers  of  the  shoe  sole  and  between  the 
Ik  e  and  the  plantar  surface  of  the  foot  can  cause  considerable  Iv.at  on 
he  skin  temperature  of  the  foot.«  The  temperature  of  the  soles  of  a 
s  ee  increases  as  the  speed  of  walking  is  increased*  with  the  l 
constant,  U,e  temperature  ii.cre.ases  as  the  weight  of  the  loa  he  s, 7  ' 

ndsiiig  the  tein,7ratnie  in  the  HHe  *'*'"  principal  factor  in 

the  skin  temperature  of  the  foot  rose  .abTve  43“ 

and  this  was  well  above  the  lilood  tpn/  +  experiments 

treadmill  surface.  These  facts  reveal  ^  ^'^“d^^rature  of  the 

given  to  speed  of  marching  in  relation  tn‘H  eonsideration  must  be 

I'I'sters  aiKl  other  casualties  involving  the  fe'™’ 

The  addition  of  1  kg.  to  the  weicTht  of  7’  ’  , 

-.-Misni  as  ii.iich  as^hc  a0dit"7^;‘ 
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HicH  walked  on  the  treadmill  wearing  shoes  weighing  700,  1300,  1(550  and 
‘2*200  grams  respectively.  The  strain  on  the  men  walking  in  the  heat,  as 
measured  by  their  heart  rates,  rectal  temperatures,  skin  temperatures  and 
rates  of  sweating  varied  directly  with  the  weight  of  the  shoes.  In  critical 
experiments  where  the  men  walked  in  the  heat  without  drinking  water, 
th  ey  could  walk  significantly  longer  and  remain  in  better  condition  in  the 
light  shoes  than  in  the  service  shoes.  It  was  concluded  that  for  hot  climates 
the  weight  of  materials  used  in  the  construction  of  footwear  should  be 
limited  to  that  absolutely  necessary  to  fulfill  the  requirements  of  protec¬ 
tion  and  durability. 


WA  TEli-RESIS  TA  N  T  CIO  THING 


Water-resistant  fabrics  are  needed  for  wet  weather  and  wading  gar¬ 
ments  and  for  exposure  suits.  The  Chemical  Warfare  Service  requires 
impermeable  suits  in  decontamination  work.  Water-resistant  fabrics  may 
vary  from  the  degree  of  water  repellency  capable  of  shedding  rain  during 
short  periods  to  complete  impermeability  which  will  not  only  resist  high 
water  pressures  but  will  prevent  the  passage  of  water  vapor.  In  addition  to 
the  ])rotection  from  water  provided  by  these  materials,  their  use  requires 
a  consideration  of  the  effect  upon  evaporation  of  perspiration.  For  men 
working  in  warm  or  hot  environments  where  evaporation  is  the  principal 
avenue  of  heat  dissipation,  jirevention  or  impairment  of  evaporati\e  cool¬ 
ing  is  a  limiting  factor  in  their  tolerance. 

Water-repellent  Clothing.  In  water-reiiellent  fabrics  the  fibers  are 
coated  with  a  repellent  substance  which  causes  water  falling  on  the  surface 
to  run  off.  The  pores  are  not  closed  and  the  fabric  is  still  permeable  to 
iinrlfir  r>rpc:«;nre  and  to  water  vapor. 


ning,  (tR.,  are  in  e> 


witn  tnese  pii> 

that  watei-repcllcnt  treatments  on  the  suifacc 


ng  did  not  absorb  as  much  sweat  as 
it  could  be  dried  faster.  Correlated 
the  observations  of  Four!  and  Harris 


men  were  practically  the  same  m  the 
reive  men  who  coiiqiared  the  uniforms 
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impair  the  permeability  of  the  fabrics  to  water  vapor.  Because  of  these 
results,  we  can  conclude  that  water-repellent  clothing  can  be  worn  con¬ 
tinuously  with  safety  by  men  in  any  climate  where  they  may  be  useful 
as  protection  from  rains  or  where  their  rapid  drying  quality  would  be 
helpful.  In  civilian  life  repellent  fabrics  will  serve  well  in  shower-proof 
garments  where  exposures  are  short. 

Impermeable  Clothing.  The  Chemical  Warfare  Service  finds  it  neces¬ 
sary  to  use  decontamination  suits  which  are  impermeable  to  water  vapor 
and  these  suits  definitely  limit  evaporative  cooling  of  men.  Because  of 
this,  Darling  et  alr^  from  the  Fatigue  Laboratory  found  that  men  were 
able  to  perform  the  average  work  of  decontamination  for  only  one  hour 
in  an  atmospheric  temperature  of  C.  and  for  only  twenty-five  minutes 
when  the  air  temperature  was  29.5°  C.  Keeping  the  outer  surface  of  the 
impermeable  suit  wet  with  water  more  than  doubled  the  tolerance  time. 
Similar  results  were  found  by  Robinson,  Gerking  and  Newburgh.-®  In 
their  experiments,  heat  tolerances  were  determined  for  resting  and  work¬ 
ing  men  wearing  impermeable  exposure  suits. 

Raincoats  and  ponchos  were  compared  to  determine  the  effects  of  ma¬ 
terial,  design  and  ventilation  of  these  garments  on  the  heat  loss  of  men 
working  in  a  simulated  jungle  atmosphere.^e.  27  Under  these  conditions 
all  rain  garments  made  the  men  sweat  more.  Ponchos  were  found  to  be 
much  cooler  than  raincoats  as  judged  by  the  rates  of  sweating  and  skin 
temperatures  of  the  men.  A  special  arcovent  design  of  raincoat  in  which 
laige  areas  in  the  regions  of  shoulders  and  axillae  are  covered  only  by  a 
loose  yoke  was  of  doubtful  value  in  keeping  the  men  cool.  Water  vapor 
permeability  provided  by  water-repellent  fabrics  was  a  much  more  im- 
portant  factor  m  coolness  of  raincoats  than  thinness  and  light  weight  of 
tie  fabric  or  ventilation  provided  by  the  special  arcovent  design  For 
prolonged  exposures  to  rain  in  warm  climates  an  impermeable  poncho 
should  be  used  m  preference  to  a  raincoat.  The  poncho  is  versatile  in  its 
uses,  It  can  be  worn  over  the  pack  and  used  as  a  shelter  half,  whereas  the 
raincoat  cannot.  In  warm  weather  a  rain  garment  to  be  used  by  personnel 
who  require  protection  during  short  exposures  only  should  be  of  water- 
repellent  rather  than  impermeable  material. 


PROTECTION  AGAINSTiiDRY  COLD 
H.  S.  Belding 

Conditions  described  as  dry  cold  prevail  over  nf  1  ^ 

north  of  40  degrees  during  a  part  of  the  year  and  over  the  r 
or  south  of  60  degrees  during  the  maior  portion  of  the  yea^Tr  ' 
prevail  over  elevated  land  masses  even  in  fropical  revions  ^  m 
IS  a  type  of  climate  to  which  very  larce  vromw  !f  ^  '’■’.V  cold 

pSogttr^eli  Is^lfe^lL^^^^  of  rerUntleTfto'tIm 
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variable.  1  he  j)hysiologist  dealing  with  the  same  problems  also  eonsiders 
climate  as  a  variable,  but  being  well  aware  that  the  tenfold  variation  of 
metabolism  between  rest  and  hard  work  drastically  alters  the  effective 
stress  of  environment  on  man,  eonsiders  man  as  an  additional  important 
variable. 

Recently,  practical  military  climatology  has  provi<led  an  arbitrary 
classification  of  environmental  cold  for  out-of-door  conditions;  according 
to  this  scale  tem])eratnres  between  50°  and  32°  F.  are  considered  cool; 
between  32°  and  14°  F.,  cold;  and  below  14°  F.,  very  cold.  According  to 
this  concept,  for  the  environment  to  be  dry  there  must  be  no  precipitation 
in  the  form  of  rain,  mist,  or  wet  snow,  and  there  must  not  l)e  water,  mud, 
or  slush  ])resent  underfoot.  Since  water  in  solid  form  does  not  wet,  the 


'I'aUI.E  '■29.  PuEDICTED  LoWEST  .\mBIENT  TeMPEHATI  UE  FOIt  PROLONGED  THERMAL  CoMFORT 


Hodily 

Wind,  Sky,  Altitude 

Predicted  Lowest  .\mhient  Temperature 
for  Prolonged  Thermal  Comfort 

.Activity 

N  mle  1 

(0  Clo’") 

Busine.ss  Suit 
(1  Clo) 

Arctic  Suit 
(4  Clo) 

Sitting  quietly 

\o  uind,  shade,  .sea  level 

°F. 

82 

70 

°F. 

34 

Sitting  quietly 

5  m.p.h.,  shade,  sea  level 

88 

70 

40 

Sitting  quietly 

25  m.p.h.,  shade,  sea  level 

90 

78 

4^2 

Sitting  quietly 

5  m.p.h.,  shade,  sea  level 

88 

70 

40 

Sitting  quietly 

5  m.p.h.,  sunshine,  sea  level 

7(i 

()5 

^8 

Sitting  quietly 
Sitting  quietly 

5  m.p.h.,  sunshine,  .'tea  letel 

5  m.p.h.,  sunshine,  20,000  ft. 

70 

00 

05 

54 

28 

17 

Sitting  quietly 

5  m.p.h.,  shade,  sea  level 

88 

70 

53 

40 

—  20 

W’allHng 

3.0  m.p.li. 

5  m.p.h.,  shade,  .sea  level 

77 

*  For  definition  of  do,  see  Appendix. 


prcsei.ce  of  (Irv  snow  or  icc  innlorfoot,  or  eve,,  occnrrence  of  a  stonn  ,n 
wl,ich  <lr,v  snow  is  fallins  is  not  consi,le,-e,l  moon, pat, l>le  with  ,lr.y  co h  ^ 
'J'o  ttie  plivsiologist,  a  cJry  eol<l  envn-oninent  is  one  in  which  clotinnt 
reonireil  to  prevent  lioilv  lieat  loss  fron,  exceeding  inctiiholic  lieat  produc¬ 
tion  anil  one  in  which  w-etting  of  the  clothing  l,y  water  fron,  the  cu.yiro^ 
inent  is  not  a  prolilein.  Thus,  to  the  physiologist,  the  upper  limit  ol 

,  :  ,  P  U  oossil.le  to  predict  with  some  degree  of  accuracy  the 

Fxani])les  of  such  predictions  are  given  in  lablc  2.). 
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PROTECriON  REQUIREMENTS 

It  is  clear  from  Table  29  that  the  thermal  protection  necessary  to  assure 
comfort  is  determined  by  two  sets  of  factors,  personal  and  environmental. 


Personal  Environmental 

Bodily  activity  or  metabolic  rate  Ambient  temperature 

Duration  of  exposure  Wind  velocity 

Temperature  of  surroundings,  including 
earth  and  sky  (especially  as  affected  by 
the  sun) 

Altitude 


Ambient  Temperoture  (‘’F.) 

Fig.  66.  Prediction  of  total  insulation  required  for  prolonged  comfort  at  various  activities 
tne  stidcle  as  a  function  of  environmental  temperature. 


Ill 


Duration  of  exposure,  not  given  consideration  in  Talile  2!)  is  nevertheless 
a  actor  of  eonsiderahle  in.portanee  because  the  hodv  ca  \  ithstwl  «n 

ote"  vordf -■■'I  <ii-oXt  ensu'rh^^ 

those  hsteil  Vor,LZT:;:hin;"n’rmT,bk 

Kodily  Activity  and  Ambient  TemnerafurP  Ptr.  f  •  ,  • 

requirements  of  the  most  iinT.r.rt  +  ^  Effects  on  insulation 


J554 


imiysu)L()(;y  of  hkat  rp:(;ulation 


it  has  simply  been  assumed  that  the  heat  available  for  loss  by  convection, 
conduction  and  radiation,  is  three-quarters  of  the  heat  i)rodueed  by  the 
body  (DuBois)  and  that  92°  F.  rci)resents  a  satisfactory  average  skin 
temperature  for  comfort.  Then: 


3.0})  {{hi  -  Ta) 
~  0.75  M 


Insuliilioii  recluired 


(Equation  1) 


where  T„  is  ambient  temjtcrature,  3.09  is  the  constant  ap[)licable  to  obtain 
insulation  in  do  units  when  temperatures  are  in  degrees  Fahrenheit,  and 
is  energy  jtroduction  in  Cal./m.“  hr. 

It  is  clear  that  if  a  man  is  dressed  for  thermal  comfort  during  periods 
of  inactivity,  he  will  be  vastly  overdressed  for  hard  muscular  work,  and 
conversely  that  if  a  man  is  dressed  properly  for  hard  work  he  will  not  long 


I2r- 


10  — 


IVl  =  Energy  production  in  Cal./m."  hr. 

D  =  Total  pat.nissible  body  heat  debt  in  Cal./m. 


2  4  ® 

l-ig.  cr.  rre<li<  lion3  ot  tolerance  time  as  a  function  of  insulation  provide, I  at  I)"  F 

sttrvive  vvi.elt  he  becomes  inactive  unless  he  puls  on  considen.ble  luhli- 
tional  clothing.  Thus,  the  problem 

w,;™:::.  wuho'nt^  mume 
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while  driving  long  distances  in  a  poorly  heated  automobile  in  wintertime. 
Figure  07  is  illustrative  of  the  effect  of  this  ability  to  withstand  a  heat 
deficit  upon  tolerance  time  when  various  amounts  of  insulation  are  pro¬ 
vided;  while  the  illustration  has  been  drawn  only  for  an  ambient  tem¬ 
perature  of  U°  F.  and  for  two  levels  of  energy  production,  i.e.,  for  sleeping 
and  for  standing  quietly,  the  tolerance  time  for  other  combinations  of 
condition  may  readily  be  estimated  simply  by  adding  to  M  in  the  denomi¬ 
nator  of  equation  1,  a  debt  factor  for  the  time  under  consideration.  Then: 


3.0!)  (Ts*  -  Ta) 

0.75M  +  - 
H 


Insulation  required  for  exposure  of  specified  duration,  H  (Equation  2) 


where  D  is  total  permissible  body  heat  debt  in  Cal./m.^  and  H  is  time  in 
hours. 

The  ability  to  incur  a  substantial  heat  debt  without  appreciable  dis¬ 
comfort  means  that  there  is  margin  for  error  in  selection  of  insulation.  The 
minimum  insulation  acceptable  for  an  eight  hour  period  at  -(-50°  F. 
during  sleep  turns  out  to  be  3.5  do  when  calculated  in  accordance  with 
equation  2,  whereas  4.3  do  are  indicated  in  Figure  66  as  necessary  for 
prolonged  thermal  equilibrium  under  these  conditions.  Thus,  0.8  do  may 
be  considered  the  margin  for  error  in  selection  of  bedding  for  a  normally 
comfortable  night  s  sleep  at  50°  F,  Since  0.8  do  is  not  far  from  the  insula¬ 
tion  provided  by  a  light  blanket  this  means  that  a  reasonably  comfortable 
night  s  sleep  may  be  expected  if  the  selection  of  bed  coverings  is  not  in 
error  by  more  than  one  blanket. 

Wind.  The  cooling  effect  of  the  environment  is  increased  by  wind  only 
to  the  extent  that  the  wind  sets  in  motion  the  thin  layer  of  air  next  to  the 

outside  of  the  clothing.  Burton  described  this  insulation  value  of  the  film 
of  air  (I.,)  as  follows: 


la  = 


0.61  +  0.19  Vv 


—  =  do 


(Equation  3) 


wliere  V  is  the  velocity  of  .air  movement  in  centimeters  per  second.  In  this 

S'm  -n'r  "  r7  “section.  The  other 

ion  Wfhleth  rf'  ‘■'if  movement  is  the  loss  by  radia- 

IZ'of  77»  h’  W  ",  only  for  an  ambient  tempera- 

ff  .  1  i  ’  *  ^ radiation  factor  and  the  convection  factor 

.  e  affected  by  temperature,  in  practice  it  probably  affords  a  reasonable 
.approximation  over  the  range  of  cold  temperatures  enconniekd  W  man 
Insulation  as  a  function  of  air  movement  is  shown  in  Figure  68  The  prac 
c  1  effect  of  wind  on  total  clothing  requirements  is  shown  in  Figure  69  It 

I  8  IS  here  taken  not  as  92°  F.  hut  oo  th«  ^ 

period  For  example,  if  40  Cal./m.^  is  tlie  debt  incurred''90°"F’"''"'**'‘T  aPPhcable  during  the 
for  a  debt  of  80  Cal./m.^.  87°  F.  may  be  clio.sen  ’  ‘ 


Insulation  in  Clo  Units 
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there  is  not  wind  (la  =  0.8  clo) ,  while  05  per  cent  must  be  similarly  fur¬ 
nished  if  there  is  a  12  mile  jier  hour  wind  (la  —  0.2  clo) .  Ihis  difference 
is  of  less  practical  importance  at  colder  temperatures  where  total  insula¬ 
tion  requirements  are  large,  but,  as  indicated  in  Table  29,  wind  makes  a 
great  difference  when  a  man  is  nude  or  lightly  clad. 

Wind  will  often  have  another  effect  on  clothing  requirements;  it  destroys 
insulation  as  it  penetrates  into  clothing.  This  is  not  a  true  effect  on  protec¬ 
tion  requirement,  but  it  does  mean  that  more  clothing  may  have  to  be 
worn  in  the  wind  to  furnish  a  specified  amount  of  insulation. 

Temperature  of  Surroundings  (Sunlight).  The  third  of  the  factors 
classified  as  environmental  which  affects  insulation  requirements  is  the 
amount  of  radiant  exchange  taking  place  between  man  and  the  sky  and 
earth.  In  the  formulas  so  far  presented,  0.75M  has  been  used  under  con¬ 
ditions  of  thermal  equilibrium  to  indicate  combined  heat  losses  by  con¬ 
vection,  radiation  and  conduction,  assuming  the  cmissivity  of  surround¬ 
ing  objects  to  be  unity.  This  probably  represents  a  reasonable  approxima¬ 
tion  under  most  conditions  except  during  exposure  to  direct  sunlight. 

The  total  heat  imposed  on  the  body  by  direct  sunlight  varies  consider¬ 
ably  with  the  iiosition  and  color  of  the  body,  the  amount  and  shade  of 
clothing  worn,  moisture  and  dust  in  the  air,  altitude,  and  zenith  angle  of 
the  sun.  Blum  suggests  that  the  average  order  of  magnitude  of  the  impact 
of  sunlight  on  the  nude  man,  assuming  43  per  cent  reflection  of  blond 
skin,  IS  perhaps  240  Calories  per  hour;  for  a  man  with  a  surface  area  of 
about  1.8  m.2  the  energy  load  is  then  about  130  Cal./m.^  hr.  To  determine 

Cal./m.“  hr.  on  ambient  requirements  for  thermal 
equilibrium  it  should  be  added  to  0.75  M  of  equation  1,  if  the  bodv  is 

nude.  Then  when  a  man  stands  (M  =  80)  in  the  shade  while  nude,  and 
wiien  la  =  0.5  clo 


3.09  (92  —  Ta) 

ocT+lsiT^ 


=  0.5  clo 


(Equation  4) 


to  this  St  r I 

fsrfnT  ‘he  effect  of  sunlight  on  the  clothed  man  Here  two 

Itih  g:"rnVe’VhH; 

energy  while  a  w  ites,  ^  ee»‘  of  the  incident 

workdVg  value  fo  ?vc  "creloO  °  /'  ^  P>-«etical 

The  second  “the  tot!"fLl::  "J, '■“efmed  ate  hue  is  50  per  cent, 
distribution  between  the  clothing  'nsulation  provided,  and  its 

from  the  body  iif^roporlioiU^  loss  of  heat 

outside  of  the  point  of  absorntion  ^1^  ^.l]o  total  insulation  lying 

of  1.0  clo  is  worn,  and  if  is  0  5  clo^n  insulation 

energy  absorbed  is  one  third  effective' fn”'  ^  example  above,  then  the 

body  because  one  third  of  the  total  insidaC^'^^l-*'”^ 

absorption.  This  .same  jiriiiciple  annl  el  r  n  t>oint  of 

•ng  of  sweat  condensed  in  clothiml  ainl  it^nl  for  body  hcat- 

t'nn^  and  it  also  determines  the  efficiency  of 
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electrical  heat  apjilied  to  clothing.  In  our  example,  if  the  suit  is  black,  then 
95  per  cent  of  228  Cal./m.^  hr.  (217  Cal./m.2  hr.)  will  be  absorbed  at  the 
surface  of  the  suit,  and  one  third  of  this  energy  (72  Cal./m.2  hr.)  will  be 
effective  for  heating  the  body.  Then,  substituting  72  for  130,  and  1.5  do 
for  0.5  do  in  equation  4,  it  is  found  that  the  tenqierature  for  prolonged 
comfort  in  the  black  suit  in  sunlight  is  28°  F.  On  the  other  hand,  for  the 
same  man  dressed  in  a  white  suit  (30  per  cent  absorption)  affording  1  do 
of  protection,  the  temperature  for  thermal  equilibrium  becomes  52°  F. 
If  he  were  to  dress  in  white  shirt  and  trousers  affording  only  0.5  do  pro¬ 
tection,  equilibrium  temperature  would  be  05°  F.  (even  though  the 
energy  absorbed  has  an  efficiency  of  50  jicr  cent) .  This  is  approximately 
the  tem])erature  for  thermal  equilibrium  of  the  nude  man,  and  demon¬ 
strates  that  light-colored,  light-weight  clothing  need  not  be  considered 
a  handicap  in  the  sun. 


this  effect: 


la  = 


(Equation  5) 


T>v 


0.61  +  0.10  t 

Where  1*  is  atn.osplieric  pressure  in  nun.  Hr.  Hurt,..,  has  plntt«l  this 

relationship  between  la  and  vm  d  i,  to  increase 

The  effect  of  altitude  at  20,000  ft.  lu  a  a  substantial  amount 

from  0.3  to  0.4  do,  an  unimportant  change  it  any  siihstantu 

of  clothing  is  worn.  convection  through  the  clothing 

Xn;"  ™uuate,.  no  e.ear  evi- 
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deuce  of  the  fraction  of  total  heat  loss  through  clothing  attributable  to 
the  separate  avenues  of  convection  and  radiation  is  available.  However, 
there  is  good  reason  to  believe  that  convection  accounts  for  80  per  cent 


RECOMMENDED  ACTIVITY  FOR  COMFOKI  wind  2mph 
DURING  A  FIVE-HOUR  EXPOSURE  turbulent 
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n.  *  V  uuimg  a  a-iiour  exposure.  (From  U.  S  \rniv 

Quartennaster  Climatic  Research  Laboratory.) 
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may  not  he  partially  compensated  by  change  in  volume  of  resjiiration 
depending  on  whether  oxygen  is  supi)licd  and  on  the  altitude  under 
eonsideration. 

Fourth,  the  intensity  of  solar  radiation  is  greater  at  altitude,  being  ])ro- 
portional  to  log  altitude.  Whereas  about  (55  per  cent  of  radiation  may  be 
transmitted  under  fairly  average  sunny  conditions  at  sea  level  with  the 
sun  at  00°  from  the  zenith,  about  8‘'2  |)er  cent  is  transmitted  at  20,000  ft. 
The  130  Cal./m.-  hr.  taken  as  representative  of  imjiaet  at  sea  level  thus 
becomes  104  Cal./m. “  hr.  at  20,000  ft. 

It  is  obvious  that  the  jiresent  state  of  knowledge  does  not  jicrmit 
accurate  prediction  of  protection  requirements  at  altitude. 

Substantiation  of  Predictions.  Many  of  the  mathematically  derived 
predictions  regarding  conditions  for  thermal  comfort  under  many  of  the 
])ossible  combinations  of  conditions  have  been  verified  by  experimenta¬ 
tion,  both  on  human  test  subjects  and  on  thermal  conductivity  aj)])aratus. 
In  one  recent  study  men  were  subjected  to  five  different  controlled  ambi¬ 
ent  temperatures  in  light,  intermediate  and  heavy  clothing  affording 
about  1,  2  and  3  do  of  ])rotection,  respectively.  Instructed  to  keep  them¬ 
selves  reasonably  warm  during  a  five-hour  exposure,  these  men  were 
offered  choice  of  sitting  cpiietly  (M  ==  50)  or  walking  at  3.5  miles  per 
hour  (^I  =  200)  at  the  beginning  of  each  half  hour  of  the  exposure  period. 
Average  results  of  this  study  are  given  in  ])ictographic  form  (Fig.  71) .  In 
such  a  study  as  this  marked  individual  differences  in  susceptibility  to  cold 
exj)osurc  are  always  manifest,  which  if  not  attributable  to  variations  in 
jirotection  given  by  the  clothing  (i)resumably  due  to  differences  in  its 
fit)  must  be  due  to  a  poorly  understood  “personal  toughness”  factor. 


METHODS  OF  EVAlUATiyO  THERMAL  INSULATION  OF  CLOTHING 

The  thermal  resistance  ])rovidcd  by  clothing  as  well  as  its  thermal  ade¬ 
quacy  for  prescribed  tasks  may  be  evaluated  by  physiological  as  well  as 
physical  testing  procedures.  The  |)hysiological  methods  have  been  adajited 
for  use  both  on  resting  and  active  men,  and  in  the  latter  ease  the  test 
methods  often  resemble  tho.se  for  differentiating  the  heat  loads  imposed 
bv  tropical  garments  because  the  heat  stress  occasioned  by  heavy  cloth¬ 
ing  even  at  below  zero  temjieratures  may  be  severe.  The  most  successfu 
ohvsical  device  for  te.sting  thermal  insulation  of  clothing  (as  contrasted 
with  textile  materials,  where  fiat  and  cylindrical  thermal  conductivity 
apparatus  have  been  u.scd) ,  has  proved  to  be  an  electrically  heated  copper 
form  resembling  a  man  in  contours  and  dimensions. 

Physiological  Methods.  Physiological  evaluation  of  thermal  insulation 
has  depended  on  the  fact  that  under  controlled  conditions  factors  of 
enerev  cxcliaiis«  lietweon  man  and  bis  onviiomncnt  may  be  imbroctly 
measnred  or  estimated,  except  the  /os.se.r  thnm,,h  clothing  dhi)  via  eon- 
vection,  conduction  and  radiation. 

M  +  U  -  E  -  -  W  =  Ilci  (Equation  0) 

When  these  methods  arc  used  metabolic  cncig>  pioduction  (^I) 

termb™!  for  ti.e  perio.i  of  interest  fro, n  resets  of  'M;-  -  ; 
determination  of  oxygen  consumption  (1  liter  O,  -  4.J  C.  .  11 
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body  heat  debt  (D),  by  appropriately  weighting  rectal  and  skin  temper¬ 
ature  changes;  evaj)orative  heat  losses  from  the  lungs  and  skin  (E) , 
accurate  determination  of  body  weight  loss  during  the  exjieriment,  and 
if  necessary  by  correcting  for  moisture  condensed  in  the  garments,  heat 
expended  in  air  warming  (A) ,  by  calculation  from  knowledge  of  the  tem- 
jierature  of  inspired  and  expired  air  as  well  as  the  volume  of  ventilation, 
and  external  work  (W),  where  applicable,  from  knowledge  of  the  grade 
and  distance  climbed. 

When  Hci  has  been  determined  as  described  above,  under  known  condi¬ 
tions  of  ambient  temperature  and  wind,  the  insulation  jirovided  by  the 
clothing  is  obtained  from 

3.09  (Is—  I_a_)  _|_  (Equation  7) 


These  methods,  though  not  yielding  precise  answers,  have  been  exten¬ 
sively  used  in  Canadian  and  United  States  laboratories  for  evaluation  of 
military  cold  weather  clothing.  When  these  methods  are  used  the  experi¬ 
mental  evaluations  are  best  conducted  under  combinations  of  conditions 
conducive  to  ajiproximate  heat  balance,  since  the  determination  of  body 
heat  debt  is  subject  to  error. 

Despite  considerable  work  in  development  of  such  physiological  indices 
of  thermal  comfort  and  stress  as  regional  skin  temperature,  rectal  temper¬ 
ature  and  sweating,  the  present  state  of  knowledge  does  not  warrant  col¬ 
lection  of  objective  physiological  data  without  concurrent  collection  of 
detailed  comments  concerning  thermal  sensation.  And  where  such  com¬ 
ments  are  consistently  at  variance  with  objective  data  the  latter  should 
be  held  suspect  for  inadequacy.  Intensive  physiological  studies  of  the 
Brynje  (fish  net)  vest  have  not  revealed  objective  indices  that  it  has 
special  thermal  worth,  yet  test  subjects  and  many  users  have  claimed 
that  they  feel  cooler  during  work  and  warmer  during  rest  when  wearing 

it;  it  is  hard  to  believe  that  this  preference  does  not  have  a  physiological 
basis. 


Another  approach  to  thermal  evaluation  of  clothing  for  dry  cold  in¬ 
volves  determination  of  tolerance  time  under  conditions  purjiosely  selected 
to  be  impossible.  In  a  typical  experiment,  four  sleeping  bags  involving 
di^fferent  types  of  construction  and  appearing  to  be  adequate  for  about 
0  F.  are  used  at  -40°  F.  by  eight  men,  in  rotation.  The  men  are  asked  to 
remain  m  the  bags  until  they  become  unbearably  cold,  and  effort  is  made 
to  deprive  them  of  incentive  for  earlier  departure  from  the  bags  by  re- 
exposmg  men  who  come  out  early.  Data  on  tolerance  time  in  each  of  the 
bags  are  then  analyzed  statistically  to  determine  differences  between 
bags.  Psychological  difficulties  inherent  in  this  approach  are  obyious  bu 
when  nmrale  is  high  experience  has  shown  that  he  results  can  bruse 
for  sorting  out  superior  features  of  construction 

olo^fcarw^"?''^"- no  substitute  for  physi¬ 
ological  testing  for  evaluation  of  the  perforiminro  nf  i  -i  ‘ 
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with  an  accurately  metered  internal  electrical  heat  source  and  means  for 
separate  regional  control  ot  skin  temj)erature,  are  now  available  in  several 
laboratories  ( Idg.  /2).  Separate  hand,  foot  and  head  models  have  also 
been  constructed,  as  an  aid  in  solution  of  special  ])roblcms  associated  with 


3.00  Cr,  -  'l\)  ^ 
watts  X  e.HO 


(Equation  8) 


S.A. 


protection  of  those  areas.  With  any  of  these  devices  where  S.A.  is  the  sur¬ 
face  area  in  square  meters,  !„  is  determined  by  exposing  the  manikin  nude. 


Eif?.  7^2. 


.:iectricaTly  heated  manikin,  (t'rom  U.  S.  Army  Quartermaster  Climatic  Researel. 

Laboratory.) 


Since  successive  delenninatiens  nnule  under  similar  conditions  have 
revealed  that  with  these  devices  instrnniental  and  dressing  errors  usua  > 
need  not  exceed  2  per  cent  (whereas  15  per  cent  is  about  the  best  tha 

can  be  expected  with  physiological  methods) ,  ^  °"“eteii 

sizing,  use  of  unprotected  zippers,  wiml  permeabi ht.v  of  fibers,  and  even 

of  water  or  frost  jircsent  in  the  garments  may  be  determined. 

FACTOItf:  AFFECTING  THEKMAL  INSULATION  FIWFEHTIES  OF  CLOTIIISG 

considerably  warmer  than  any  made  generally  available  for  aictic  ns  , 
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has  a  basic  weakness  described  elsewhere  in  that  it  is  not  feasible  to  lial- 
ance  the  insulation  of  the  extremities  with  that  of  the  rest  of  the  lo  y, 
2  do  being  the  practical  maximum  that  can  be  made  available  for  those 
areas.  This  weakness,  while  {)artly  compensated  by  the  large  permissible 
fall  in  temperatures  of  the  hands  and  feet,  may  be  responsible  for  even 
shorter  tolerance  to  extremely  cold  temperatures.  How  much  worse  off  is 
the  conventionally  dressed  city  dweller  when  forced  to  wait  for  a  street 
car  or  bus  in  windy,  zero  weather  with  only  an  overcoat,  scarf,  galoshes, 
dress  gloves  and  felt  hat  for  auxiliary  protection!  His  overcoat,  even 
though  heavy,  is  porous  to  the  wind,  which  also  sweeps  up  his  legs  and 
sleeves.  He  is  lucky  if  he  has  2  do  of  insulation  for  his  trunk  and  arms, 
1  do  for  his  feet  and  0.5  do  for  his  hands.  No  wonder  he  puts  his  hands  in 
his  pockets,  when  they  are  not  on  his  ears. 

Thickness.  It  has  been  clearly  demonstrated  that  still  air  provides  the 
insulation  in  clothing,  and  that  the  efficiency  of  materials  used  for  insu- 
lative  clothing  should  be  judged  first  for  their  capacity  to  immobilize  air. 
High  density  is  unnecessary  for  this  purpose  except  in  the  outer  layer,  to 
prevent  penetration  of  cold  wind.  In  theory  a  number  of  moisture- 
permeable,  paper-thin  spacers  would  provide  nearly  as  good  insulation  as 
the  best  textile  materials;  i.e.,  about  4  do  per  inch.  Though  provision  of 
such  spacers  has  not  been  practical  the  same  principle  has  been  employed 
in  loose  fitting  multi-layer  assemblies,  in  which  some  space  exists  between 
each  layer. 


Weight,  Size,  Fit.  Experience  has  repeatedly  shown  that  weight  and 
restriction  of  movement  are  not  judged  independently.  Of  two  outfits  of 
the  same  weight,  one  of  which  is  made  up  of  readily  compressible  materials 
and  designed  to  follow  easily  the  movements  of  the  body,  and  the  other 
restricting  body  movement,  the  one  providing  greater  freedom  of  move¬ 
ment  will  be  judged  less  heavy. 

The  great  difference  in  weight  between  Eskimo  clothing  and  the  best 
that  has  been  supplied  to  the  more  civilized  temperate  zone  dwellers  who 
have  gone  to  the  far  North  or  South  is  dramatic.  While  there  seems  to  be 
some  difference  of  opinion  regarding  the  absolute  warmth  of  typical 
Eskimo  fur  clothing  (to  our  knowledge  no  good  sample  has  ever  been 
subjected  to  controlled  evaluation)  it  undoubtedly  is  warmer  than  the 
best  assemblies  made  of  common  textile  materials;  it  is  also  lighter  tvpi- 
cally  weighing  12  to  18  pounds,  whereas  a  good  3  to  4  do  European  or 
.\merican  assembly  will  weigh  20  to  30  pounds. 

To  carry  over  present-day  conventions  regarding  design  and  fit  of  gar¬ 
ments  for  dress  occasions  to  the  design  of  clothing  for  protection  against 
cold,  IS  to  rate  style  and  appearance  above  utility  and  warmth  Tiuhtlv 
fitting  garments  seem  never  to  be  indicated  when  lightness,  freedom  of 
mo\jment,  warmth  during  rest  and  adequate  ventilation  during  work  are 
desiderata.  Garments^  which  fit  somewhat  looselv  take  ad^TIntaPe  of 
^etwepi-layer  air  film  insulation  and  give  greater  freedom  of  action  While 
bpr  ^  practical  limit  beyond  which  this  concept  should  not  be  carried 
cause  of  resulting  increase  in  weight  and  bulk,  it  is  nevertheless  true 
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Body  Movement,  Ventilation.  It  has  been  shown  that  typical  U.  S. 
Army  cold  climate  uniforms  provide  only  about  half  as  much  insulation 
during  walking  as  during  (juiet  standing;  this  reduction  in  jirotcction 
during  walking  is  largely  due  to  forced  circulation  of  the  air  trajiped  in  and 
between  the  layers  of  clothing.  Analysis  of  the  relationshij)  between  effec¬ 
tive  insulation  and  sjieed  and  amplitude  of  body  movement  reveals  that 


while  the  change  in  insulation  is  in  the  right  direction  it  is  quantitatively 
inadequate  to  meet  heat  loss  requirements  (Table  30). 

Since  it  may  not  be  desirable,  in  view  of  the  weight  and  Inilk  involved, 
to  jirovide  outfits  warm  enough  for  prolonged  periods  of  inactivity  in 
daytime  at  below  zero  temjieratures  (5  do  or  more) ,  some  provision  prob¬ 
ably  should  be  made  for  intermittent  rewarming  when  prolonged  light 
duties  are  necessary  in  extreme  cold;  this  can  be  accomplished  either 
through  exercise  or  through  jiro vision  of  heated  shelter.  Furthermore,  if 
a  4  to  5  do  assembly  is  as  warm  as  is  practical,  such  an  assembly  should 
be  capable  of  automatic  or  easy  manual  adjustment  of  ventilation  to 
assure  reduction  of  effective  insulation  during  exercise  to  as  little  as  one- 


Table  30.  Comparison  of  Required  and  Actual  Insulation  of  a  Cold  Climate  Uniform 


.Activity 

Metabolic  Knergy 
Production 

Required  Ido*  for 
Tliermal  Comfort  at 
0°  F. 

Actual  Ido  of  a 
Cold  Climate 
Uniform 

Sitting . 

5(1 

7.1 

£.9 

Standing . 

HO 

4  3 

2 .  (> 

Strolling  ^.3  ni.p.h..  .  . 

145 

-2. '2 

1.6 

Walking  3.5  in.p.h . 

'200 

1 . 5 

1 . 4 

Walking  4.5  ni.p.h . 

'2()0 

1.1 

1 .3 

*  Wind  velocity  •2.2  rn.p.h.;  !»  =  <>.4.  do. 


quarter  of  the  amount  available  during  inactive  periods.  The  only  alterna¬ 
tive  to  avoid  overheating  is  actually  to  shed  part  of  the  clothing,  a  feasible 
procedure  when  strenuous  activity  will  be  prolonged  and  can  be  antici- 
iiated,  as  in  the  case  of  lumberjacks,  but  an  awkward  one  when  strenuous 
activity  is  intermittent,  as  when  the  lead  man  of  a  file  lireaks  a  snowshoe 
trail  in  deej)  snow  for  five  minutes  out  of  each  half  hour,  then  follows  other 

leaders  for  the  remaining  twenty-five  minutes. 

Experienced  mountaineers  and  explorers  believe  that  loose  clothing  is 
the  answer  to  the  jiroblem  of  overheating,  and  that  loose  fit  of  the  layer 
next  to  the  skin  is  imrticularly  essential.  The  Eskimo,  with  his  loosely 
fitting  inner  fur  parka  and  trousers,  has  apparently  arrived  at  the  same 

Sweat  Accumulation.  ENpci-icnccl  Arctic  travelers  have  repi  l  Ucl  ic- 
peateillv  that  sweating  is  a  menace  to  survival  heeausc  the  swra.t  freezes 
into  tlie  L»arments  and  may  eventually  largel.v  'Icstre.y  their  nisnia  ion 
value  Amoiii;  the  iininitiated  it  is  not  nnroninion  to  find  men  Meeatnif, 
profusely  and  showins  the  other  signs  of  acute  heat  stress  at  helo«  zeio 

temperatures. 
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Recent  laboratory  studies  liave  provided  explanations  of  this  plienoni- 
enon.  Under  conditions  of  dry  cold  the  transfer  ot  sweat  apparently  does 
not  depend  on  the  over-all  difference  in  vapor  jiressure  between  the  skin 
and  the  ambient  air,  a  difference  which  would  theoretically  permit  evap¬ 
orative  transfer  of  nearly  2.5  liters  of  sweat  from  the  body  per  hour. 
Instead,  it  depends  on  the  vapor  pressure  difference  from  layer  to  layer  in 
the  system  consisting  of  skin,  clothing  layers  and  ambient  air,  and  on  the 
specific  resistance  to  vapor  transfer  provided  by  the  fabrics  and  the  air 
trajiped  in  the  clothing.  Because  the  vajior  pressure  difference  between 
successive  relatively  warm  inner  layers  and  the  cool  outer  layers  is  large, 
15  to  5  mm.  Hg,  there  is  little  tendency  to  pick  up  moisture  in  the  under¬ 
clothing  unless  sweating  is  profuse;  furthermore,  once  wet  the  undercloth¬ 
ing  will  dry  quite  rapidly  when  periods  of  inactivity  supervene.  However, 
the  vapor  pressure  difference  between  the  cool  outer  layers  and  the  en¬ 
vironment  is  small  (2  or  1  mm.  Ilg) ,  with  the  result  that  any  sweat 
secreted  in  excess  of  a  few  grams  per  hour  accumulates  in  the  outer  gar¬ 
ments,  largely  as  frost.  The  frost-line  in  such  assemblies  has  been  a  point 
of  interest  to  many  observers,  since  total  vapor  pressure,  which  determines 
transfer  beyond  this  point,  cannot  exceed  5  mm.  Hg,  whereas  some  35  mm. 
Hg  is  the  gradient  from  the  skin  to  the  frost-line;  condensation  of  rela¬ 
tively  larger  amounts  of  moisture  may  then  be  expected  near  the  frost¬ 
line  than  farther  in  or  out  in  the  system.  Considerable  advantage  might 
accrue  if  a  material  from  which  frost  might  readily  be  brushed  could  be 
placed  in  the  region  of  the  frost-line,  the  principal  practical  difficulties  in 
this  connection  being  that  the  position  of  the  frost-line  differs  with  tem¬ 
perature  and  with  body  heat  production,  and  that  when  melting  and 

refreezing  occur  ice  rather  than  hoarfrost  is  the  material  with  which  the 
wearer  must  contend. 

Recent  evidence  indicates  that  moisture  in  clothing,  aside  from  being  a 

‘  I®  two  ways.  In  the  first  place,  sweat 

collected  m  the  inner  layers  continues  to  be  evaporated  after  the  work 

has  ceased,  giving  rise  to  extra  body  heat  loss  at  times  when  heat  con¬ 
servation  IS  essential.  Secondly,  the  effective  insulation  of  an  assembly  is 
reduced  to  the  extent  that  water  or  ice  replaces  dead  air  space 

ecaiise  the  heat  released  through  sweating  is  partly  regained  bv  the 
l.od.v  when  condensation  occurs  in  the  clothing,  sweating  iTi  st  also  1  e 
considered  an  inefficient  method  of  achieving  heat  loss  ii  the  cold  i  t 

liliiisgisi! 

twice  as  much  sweat  is  secreted  under  '  ‘  ’  j '"oans  that  about 

sar^  under  favorable  conditions  for  evf^orat’i™ 

demonstrated  that  these  mav  cnnsbt  It  has  been 

lication  of  activitv  to  the  point  where?  I"®!'”®"*  clothing  or  modi- 

,  One  further  practical  cridem;::::  is’^ort'i  “o”  ''''’•''’f.-'k  Perio<ls. 
sl>own  that  damp  clothing  taken  into  a'sleeping  bag'?;  ifi  bf S'o^t'C 
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body  lieat.  lliis  is  a  safe  practice  only  if  the  bag  is  warm  enough  so  that 
tliis  extra  heat  may  be  s})ared  during  the  time  when  metabolism  is  lowest. 
Imrthermorc,  laboratory  experiments  have  shown  that  this  moisture  is 
picked  up  almost  ({uanlitalively  in  the  sleeping  l)ag.  The  practice,  if  long 
continued  under  circumstances  which  do  not  permit  use  of  auxiliary  heat 
to  dry  out  the  bag,  will  result  in  a  bag  that  is  both  heavier  and  less  warm. 

Special  Problems.  In  this  chapter  it  has  been  repeatedly  emphasized 
that  the  most  difficult  single  problem  is  provision  of  adequate  protection 
during  prolonged  periods  of  inactivity,  during  sleep  or  during  daytime 
occupations  which  may  require  dexterity  but  which  do  not  require  large 
expenditure  of  energy. 

In  view  of  the  fact  that  it  requires  about  three  substantial  blankets 
weighing  about  four  pounds  each  to  provide  thermal  comfort  for  an  adult 
in  a  modern  bed  at  F.,  it  may  seem  remarkable  that  15  pounds  of 

bedding  on  a  few  spruce  boughs  can  provide  reasonable  comfort  at 
—  F.  To  obtain  such  protection  a  sleeping  bag  is  used  which  encloses 
the  entire  body,  with  only  a  small  opening  for  breathing;  the  bag  is 
shaped  to  the  body,  keeping  the  feet  parallel  and  the  arms  close  to  the 
sides.  By  this  device  the  effective  volume  of  bag  to  be  heated  by  the  body 
is  kept  as  small  as  possible;  the  surface  area  of  the  bag  through  which  the 
heat  is  lost  to  the  environment  is  likewise  minimized,  and  at  the  same 
time  there  is  economy  of  material  used.  Quilted  down  mixtures  are  selected 
as  the  insulating  material  for  such  bags  because  of  their  lightness,  air- 
immobilizing  capacity,  and  compressibility  tor  packing,  yet  this  construc¬ 
tion  is  not  without  its  drawbacks.  Because  of  the  shape  and  small  size  of 
these  bags,  some  sleepers  suffer  claustrophobia.  Another  disadvantage 
arises  from  the  fact  that  most  jieople  cannot  sleep  comfortably  in  one 
position  all  night;  studies  have  shown  that  they  change  positions  fre¬ 
quently,  sleeping  on  their  sides,  prone  and  supine,  and  turning  the  bag 
with  them  as  they  move.  This  means  that  a  bag  of  this  design  and  size 
cannot  be  considered  to  have  a  bottom.  If  it  did  have  one,  it  could  be 
constructed  of  some  material  which  is  less  compressible  and  which  is, 
therefore,  warmer.  As  it  is,  spruce  lioughs,  caribou  skins,  or  air  mattresses 
must  be  available  as  insulation  from  the  ground,  or  the  bag  wi  1  fail  to  give 
adequate  protection  even  at  relatively  high  temperatures.  Sleeping  bags 
which  are  roomy  and  which  can  be  considered  to  have  a  bottom  have  been 
designed  and  fabricated  from  down  materials.  \et  even  when  they  have 
weighed  25  to  30  pounds  their  protection  value  has  been  less  adequate 
than  that  of  the  15  pound  “mummy  case”  bag.  Finally,  it  must  be  remem- 
[.oJed  thit  the  '‘nulmmy  case”  hags  described  arc  good  to  40  be  ow  ze™ 
Oiilv  because  the  liody  can  spare  some  of  its  stored  heat;  providing  at  best 
10  or  11  do  they  do  not  maintain  heat  balance  at  that  temperaUire.  There 
arc  sa  l  s  ode  of  ininred  men  who  have  been  left  in  sleeping  bags  while 
helpls  snnrmoned,  only  to  be  found  badly  frost-bitten  or  worse  when 

the  rescue  party  arrived  a  day  later. 

While  it  is  not  feasible  to  jirovide  adequate  protection  with  clot  g 

1  e  whfn  men  are  relatively  inactive  for  long  periods  in  extreme  cold 
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heat  supplied  will  be  more  efficient  for  preventing  body  heat  loss  if  placed 
close  to  the  skin.  Three  hundred  and  fifty  watts  applied  to  outer  garrnents 
will  be  no  more  effective  than  150  watts  applied  close  to  the  skin.  Either 
will  protect  at  —60°  F.  when  incorporated  in  an  outfit  affording  3  do  of 
[)rotection  without  heat. 

Where  heat  is  available  in  limited  quantity  it  has  been  shown  that  its 
application  over  the  entire  body  is  generally  more  effective  than  only 
over  the  hands  and  feet.  Presumably  this  relates  ])artly  to  the  inefficiency 
of  application  of  heat  to  small  cylinders  and  partly  to  the  fact  that  vaso¬ 
constriction  of  the  extremities,  a  sign  of  inadequate  over-all  body  protec¬ 
tion,  is  difficult  to  reverse  when  the  rest  of  the  body  is  losing  heat  at  an 
excessive  rate.  Exception  to  this  general  principle  is  warranted  when  men 
otherwise  well  protected  are  required  to  handle  cold  metal;  excessive  heat 
loss  by  conduction  may  then  be  checked  by  use  of  heated  gloves. 

SUMMARY 

Protection  requirements  during  exposure  to  dry  cold  may  be  predicted 
from  knowledge  presently  available,  and  are  affected  by  metabolic  level, 
duration  of  exposure,  temperature,  wind,  sunshine  and  altitude. 

By  following  established  principles  it  is  possible  to  provide  adequate 
protection,  except  for  inactive  men,  for  any  frigid  condition  likely  to  be 
encountered.  Inactive  men  in  extreme  cold  must  depend  on  intermittent 
rewarming  or  on  auxiliary  heat  to  maintain  comfort  and  efficiency. 

The  insulation  value  of  clothing  decreases  during  exercise,  but  usually 
to  an  extent  insufficient  to  prevent  sweating.  Sweating  is  an  inefficient 
means  of  augmenting  body  heat  loss  during  work  in  extreme  cold  and  the 
lesults  of  sweating  are  dangerous  during  subsequent  periods  of  inactivity. 
The  outer  clothing  of  men  exposed  for  long  periods  to  below  zero  tem¬ 
peratures  may  accumulate  well  over  half  of  the  sweat  produced  by  the 
body,  and  the  insulation  of  the  clothing  will  be  decreased  in  proportion 
to  the  amount  of  moisture  absorbed.  Therefore,  effort  in  minimizing 
sweating  either  by  adjustment  of  clothing  or  reduction  of  activity  is  well 
spent,  if  exposure  is  to  be  prolonged. 


WET  COLD 


C.  R.  Spealman 

Wet  cold  presents  a  problem  to  tliose  dealing  with  the  phvsioloaie-d 
aspects  of  clothing,  chiefl.v  because  of  the  difficultv  in  iireventiim  footecir 

feet  sufficiently  in  the  cold  even  when  it  is  dr'v i^t  t" 
becomes  damp  and  loses  insiilntive  v,l  tt  V  ’  ?  ^ 

may  become  sufficiently  cold  to'  be  ii.juied'sm'hmsh 

here  is  some  coiifnsioii  in  terminology  of  injiiri'e,;  which  occur  in  feet 
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exposed  to  moderate  (aliove  freezing)  cold.  The  term  “frostbite”  is  used 
occasionally,’  although  some  find  this  objectionable  because  tissues  are 
not  frozen  during  any  stage  in  the  jirodnction  of  this  type  of  injury. 

liigoiism  and  perijiheral  vasonenropathy  after  chilling”  have  also 
been  suggested.-- ’’  However,  the  terms  cmj)loyed  most  commonly  are 
immersion  foot  and  trench  toot.  ’  ^\hile  these  are  inadeijnate,  as  several 
of  the  authors  cited  above  jioint  out,  they  will  be  employed  here  to  con¬ 
form  with  general  usage.  Although  immersion  foot  and  trench  foot  may  be 
essentially  similar,  it  will  be  convenient  to  consider  them  sejiarately;  the 
jiroblem  of  protecting  feet  in  situations  (life  rafts,  etc.)  where  immersion 
foot  occurs  is  somewhat  different  from  the  ])roblem  of  protecting  feet  in 
situations  (trenches,  etc.)  where  trench  foot  occurs. 


IMMERSIOX  FOOT 

I’ainfnl  and  swollen  feet  may  occur  in  survivors  of  shipwreck  in 
equatorial  waters  as  well  as  in  northern  waters.  The  condition  observed 
in  survivors  in  warmer  waters  is  said  to  differ  in  several  respects  from  that 


'Fahle  81.  Thickness  ok  Insulation  and  Temperature  of  Foot* 


'i'llivkness  of  In.sulation  (mm.) 

Tempeniture  of  Foot  (°C.) 

()  5 

1-2.  S 

1‘2  () 

14  5 

80  Ot 

15.8 

*  Toinperature  of  feet  immersed  in  water  at  0.5°  C.  and  tliiekne.ss  of  footgear  made  of 
waterproof  material  having  a  thermal  eonduetivity  coefficient  of  0.00015  metric  unit.s.  Tem¬ 
peratures  of  feet  are  means  of  values  for  the  great  toe  and  lateral  foot  surfaces,  (ihtained 
after  thermal  equilihrium  had  heen  e.stahlished.  Seven  young  men  were  employed  in  these 
exireriments  which  were  carried  out  at  environmental  temperatures  .such  that  sulqects  were 
cold  hut  not  shivering.  The  table  is  prepared  from  data  published  in  tlie  Naval  Medical 

Hulletin.* 

fThe  thermal  conductivity  coefficient  in  this  ca.se  was  0.000074. 


occurring  in  colder  waters,^  bitt  others’’  believe  the  two  conditions  to  be 
essentially  similar.  These  facts  are  pre.sented  for  the  pnriiose  of  recognizing 
that  shipwreck  survivors  who  are  not  exjioscd  to  any  severe  dep-ee  of 
cold  may  iire.sent  a  condition  resembling  immersion  foot  m  certain  par¬ 
ticulars.' Accounts  of  the  clinical  and  pathologic  features  of  these  injuries 

mav  be  found  elsewhere.-'’- ^  , 

However,  it  is  certain  that  cold  alone  of  an  intensity  insufficient  to 
freeze  tissues  is  injurious.  Laboratory  studies  have  shown  thiit  extremities 
become  swollen,  red  and  painful  following  short  periods  of  '»’"’^.sion  m 
verv  cold  water  (10°  C.  and  below)  but  not  in  warmer  water  (la  to  ^20 
”  Furthermore,  there  are  reports  of  injury  to  feet  of  shipwreck  snr- 
vivors  who  had  been  exiiosed  to  very  cold  water  for  only  a  few  hours.-  - 
In  cases  of  damage  to  feet  exposed  to  warmer  water,  the  period  of  exposiiic 

usually  sc-vcual  .lays  „r  wocks.*.  =  a,al  tVet  wc.. 

\lso  it  has  been  shown  by  laboratory  experiments  on  animals  (cats)  tha 
short  peri,. <ls  of  applicatiou  of  oohl  will  clan, age  nerves.-  ll.stolog.cal 
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evidence  of  daniage  was  found  following  an  exposure  of  thirty  minutes  to 
temperatures  as  high  as  8°  C.  Temperatures  only  somewhat  higher  were 
harmless. 


Practical  experience  with  survivors  of  shijiwrcck  indicates  that  feet  aie 
not  injured  quickly  unless  they  are  colder  than  approximately  8  C., 

according  to  some  authors,'^  or  10  to  15°  C.  according  to  others.^  There 
is  also  evidence  that  injury  is  more  serious  the  colder  the  water  to  which 
feet  are  exposed.  The  mechanism  whereby  cold  induces  damage  is  not 
known. 

Preventive  Measures.  Effort  has  been  directed  toward  determining 
whether  it  would  be  jiractical  to  emjdoy  insulation  to  maintain  feet  at  a 
temperature  above  the  level  at  which  injury  occurs  rajndly.'*  For  condi¬ 
tions  approaching  the  most  extreme  that  may  exist  on  life  rafts  (feet 
immersed  in  water  near  freezing  [0.5°  C.|,  under  cold  environmental  con¬ 
ditions)  the  quantity  of  insulation  required  to  maintain  feet  warmer  than 
15°  C.  is  excessively  large  (Table  31).  However,  a  relatively  small 
quantity  will  maintain  feet  at  13°  C.*  Although  it  is  probable  that  injury 
by  cold  will  occur  at  this  temperature  level  if  exposure  is  of  sufficient 


Table  3:2.  Effect  of  Thermal  Condition  of  the  Body  on  the  Temperature  of  Feet 

Immersed  in  Water  at  0.5°  C.* 


Experimental  Conditions 

Average  Temperature  of 
Great  Toe  (°C.) 

Subjects  shivering . 

11 

Subjects  cold  but  not  shivering 

12 

Subjects  comfortable . 

*  T.V-  .  ..11 

20 

teet  were  protected  by  6.5  mni.  of  waterproof  iiLsulation  liaving  a  thermal  coiiductivitv 
coefficient  of  03)0015  metric  units.  The  table  is  prepared  from  data  published  in  the  Naval 
Medical  Bulletin. » 


duration,  laboratory  studies  indicate  that  feet  maintained  at  this  tem¬ 
perature  tor  as  long  as  thirty  hours  will  not  be  damaged  seriously.-* 

keet  immersed  in  cold  water  can  be  kept  much  warmer  if  the  body  as 
a  whole  IS  kept  warm  (Table  3^2).  Consequently,  body  clothing  i^  an 
mportant  adjunct  to  protective  footgear.  The  increased  warmth  of  feet 
when  the  body  i.s  warm  is  due  to  the  fact  that  the  feet  are  then  supplied 
Mth  greater  quantities  of  blood.  Other  measures  for  keeping  extre  nities 

ztvrilr  "■»  E 

I  lie  temperature  difference  between  feet  n,„l  *  i 
with  increa.se  in  quantity  of  insulation,  as  i.s  the’  case  fo  'a  iffi v  d  "l  ‘  j‘'’“I*<>''tionately 

■'■pa  •  It  may  be  concluded  that  heat  input  to  feet  (w  ich  i  ?  '  T  T  '*'' 

''loodj  IS  greater  at  the  lower  temperatures  ((’hap  i  ^•i'-aulating 
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much  value.  Watertight  harriers,  e.g.,  rubber  boots  and  overshoes,  would 
preserve  the  insulative  value  of  ordinary  footgear  under  certain  wet  con¬ 
ditions.  On  lite  rafts,  however,  water  gains  entranee  at  the  tops  of  boots. 
Most  desirable  would  be  toolgear  constrncled  of  insulative  material  which 
is  not  afiected  by  wetting.  Although  such  materials  exist,  praetieal  foot¬ 
gear  has  not  yet  been  developed. 

Factors  other  than  cold  are  imjiortant  in  the  etiology  of  iinniersion  foot. 
For  the  most  part,  however,  these  do  not  have  direct  relationship  to 
clothing  problems.* 


TREXCH  FOOT 

The  importance  of  cold  in  the  etiology  of  trench  foot  seems  to  be  clearly 
established.-’  Poor  foot  hygiene  and  immobility  are  considered  to 

predisjiose  to  trench  foot,  and  a  considerable  degree  of  success  in  practical 
situations  has  been  attained  by  correcting  these  factors.^'*’  Possibly  feet 
are  maintained  at  a  warmer  temperature  by  the  improved  care  of  feet 
and  footgear. 

The  jiroblem  of  supplying  feet  with  adequate  insulation  in  cold  wet 
trenches  and  foxholes  is  less  tlifficult  than  on  life  rafts.  Rubberized  footgear 
affords  considerable  protection  in  these  situations.  The  shoepac,  which 
consists  of  a  rubber  shoe  with  leather  uppers,!  has  been  employed'^  in  the 
wet  cold  during  World  War  II  .  However,  impermeable  footgear  is  not  free 
of  fault.  Accumulation  in  socks  of  moisture  from  sensible  or  insensible 
perspiration  tends  to  lower  the  insulative  value.  The  moisture  also  causes 
feet  to  become  macerated.  For  these  reasons  socks  worn  beneath  im¬ 
permeable  boots  must  be  changed  at  frequent  intervals  and  other  meas¬ 
ures  necessary  for  maintaining  feet  in  good  condition  must  be  instituttd. 
Protective  footgear  requiring  less  supervision  and  care  of  feet  would  be 
desirable.  Socks  which  retain  insulative  value  in  the  presence  of  water  or 
sweat  have  been  constructed  by  covering  both  surfaces  of  the  socks  with 
rubber.  Favorable  results  from  tests  of  this  new  type  of  footgear  were 
obtained  in  combat  areas  during  World  War 


WATER 

C.  R.  Spealman 

There  is  much  evidence  that  hypothermia  may  rank  with  asphyxia 
(drowning)  as  a  cause  of  death  following  shipwreck  m  very  cold  water. 
As  a  conseipience,  considerable  effort  has  been  expended  m  devising 
measures  for  jirotecting  men  in  these  circumstances. 

BODY  HEAT  LOSS  IN  WATER 

Tho  ehief  barrier  to  heat  loss  from  the  nude  body  m  cold  water  is  t  ic 
i„sI,Ltid;:  l.y  .1,0  skin  a, ..I  otl.e,-  poriphe-ai  The  average 

.  IU»  l,eliov.,l  ,l,a,  cl, ..I, lag  aad  loo, gear  fit  loosely.,  since  conslnCon  of  feet  nn.l 

nnimp..r,«nlly  s.nall  „nanmica  of  water  ev.porale 

through  the  leather.*® 
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value  for  peripheral  insulation  (expressed  as  the  reciiirocal  of  the  value 
for  heat  conductivity)  is  approximately  0.11°  C./Cal./m.“/hr.;  i.e.,  under 
cold  conditions  heat  is  conducted  through  periiiheral  tissues  at  a  rate  of 
0.1  Cal./m.Vhr./°  C.^  Since  the  insulative  value  of  still  water  is  only  0.02° 
C./Cal./m.Vhr./cm.  (conductivity,  53  Cal./m.Vhr./cm./°  C.) ,  it  can  be 
appreciated  that  the  resistance  to  the  passage  of  heat  offered  by  moving 
water  is  not  of  great  importance  in  retarding  body  heat  loss.  In  comparison 
with  water,  air  affords  excellent  insulation  (0.50°  C./Cal./m.“/hr./cm.  for 
still  air;*  conductivity,  2.0  Cal./m.2/hr./cm.°  C.) .  This  difference  between 
water  and  air  is  responsible  for  the  fact  that  heat  is  removed  from  the 
nude  body  much  more  rapidly  in  cold  water  than  in  air  at  the  same  tem¬ 
perature.  Ordinary  clothing  does  not  retard  greatly  heat  loss  in  water, 
since  water  removes  the  entrapped  air  which  is  responsible  for  much  of 
the  insulative  value  of  fabric.  Therefore,  most  statements  made  concern¬ 
ing  the  cooling  of  nude  men  in  water  apply  to  situations  in  which  men  are 
dressed  in  ordinary  clothing. 


MAINTENANCE  OF  HOMEOTIIERMY  AND  DURATION  OF  SURVIVAL 

The  minimum  temperature  of  water  in  which  nude  men  in  the  basal 
state  can  maintain  body  temperature  at  normal  levels  is  about  32  to 
33  C.^  In  water  colder  than  this,  heat  production  is  increased  by  shivering. 
The  rates  of  metabolic  heat  production  necessary  to  maintain  thermal 
balance  in  water  at  various  temperatures  can  be  estimated  (see  Chapter  3 
for  description  of  the  laws  of  heat  transfer)  by  assuming  that  peripheral 
insulation  is  equivalent  to  0.11°  C./Cal./m.-/hr.  and  that  the  insulative 
^  alue  of  water  is  negligible.  Values  determined  experimentally^  are  some¬ 
what  greater  than  these  estimates  (Table  33).  Presumably  this  is  due 
mainly  to  the  fact  that  insulative  value  of  tissues  is  decreased  by  shiver- 
mg.  lowever,  it  seems  obvious  from  these  experimental  results  and 
calculations  that  men  cannot  easily  produce  sufficient  heat  to  maintain 
lermal  balance  for  long  periods  in  water  much  colder  than  15  or  ^>0°  C 
In  our  experience  the  rectal  temperature  of  the  average  young  indhdduai 
immersed  in  water  at  15°  C.  declines  rapidly  to  reach  35°  C.  bv  the  end 
of  the  period  of  time  (usually  an  hour)  that  subjects  are  willing\o  endure 

Studies  on  animals  have  shown  that  small  animals  (rats  and  rabliitsl 

rVn  I”"-''  '’-'TO*':""-  in  relatively 

i'aintab  nSa.;  itlv 'icn,r 1 

on°  r  5  UM  •  •  ^  1  *  ^‘-mpeiatuie  tor  many  hours  in  water  as  cold  is 

.niit  -f-e  a.;, 

l,,,,,.  ,e,„pe..at„rc  in  wate..' at  C.,  aUh,;;;fh  the 

. . . .  '^1..  (f„. 

value  dc„cn,ls  up,,.,  air  m;ve,,'eut  alVIle,',  I  ^  V  Tl.ia 

-la-velv  quiet  air  (,„ove„.e„t,  e,„./aeo.)  ia  geuerllT;  LCiol  eT,  ''c  VcaV;;;:  V,:;'. 
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majority  are  able  to  do  so.  On  the  other  hand,  an  occasional  dog  can 
survive  for  many  hours  in  waler  at  0°  C„  which  is  sufficiently  cold  to 
cause  most  large  dogs  to  heeome  nnconscions  in  one  to  two  hours.  Evi¬ 
dently  there  is  considerable  variability  among  dogs  in  this  regard,  as  there 
is  among  men.  liecanse  of  the  advantage  of  body  size,  men  might  be 
exjiected  to  be  somewhat  more  resistant  to  cooling  than  are  large  dogs. 
However,  in  the  absence  of  knowledge  concerning  relative  abilities  to 
produce  heat  by  shivering  and  to  increase  jieripheral  insulation  by  vaso¬ 
constriction,  a  definite  conclusion  cannot  be  drawn  from  this  fact  alone. 
From  the  laboratory  experiments  on  cooling,  it  seems  probable  that  men 
arc  not  markedly  different  from  large  dogs  in  resistance  to  cooling. 

'Fable  33.  Estimated  Heat  PuonrcTioN  U.vder  Varying  Immersion  Temperati  res* 


Wiiter  Temperature  (°C.) 

Heat  Production  Estimated 

Heat  Production  Pound 

30 

55 

(11 

•25 

100 

131 

2i) 

U() 

'219 

15 

191 

>  250t 

10 

-237 

5 

2H2 

0 

3-2H 

1 

*  Estimated  heat  prodiietion  (f’al./m.^/hr.)  required  tor  maintaining  tnermai  naianee  oiu- 
pared  with  values  determined  experimentally  on  young  men  unmcr.sed  to  the  level  of  the 
neek  in  water  at  various  temperatures.  In  the  estimated  values,  aeei.unt  is  not  taken  of  heat 
lost  from  the  hodv  through  unimmersed  .surfaces,  in  expired  air,  and  hy  evaporation  of  xvater. 
nor  of  the  change  in  peripheral  insulation  result  mg  from  shivering.  Experimental  values 
were  taken  from  puhlished  data^  and  from  1  igure  i3. 

I  Thermal  balance  not  attained. 

Vccoiiiits  of  shipwreck  survivors  represent  another  source  of  informa¬ 
tion  concerning  the  ability  of  men  to  survive  m  cold  water 
of  such  data  by  (h’itchley-'  indicates  that  tnost  men  are  chilled  fa  all.  i 
le.ss  than  one  hour  following  immersion  m  water  near  freezing  but  t  u  a 
occasional  individual  may  survive  for  several  hours.  A  recent  .\  o 
similar  nature  imlicates  that  men  succnmb  to  hypothermia  ‘ 

in  water  as  warm  as  1.7°  C.  but  live  for  many  hours  in  water  a  sointMiiat 
higher  temperatures.  While  the  reliability  of  conclusions  based  upon  sue 
Ii;.",,.  may  lie  „uestione,l  l.eeause  of  uneeHain.ies  as  X 

the  water,  the  duration  of  survival  and  the  '  V 

authors  miiiimized  these  iiiiccrtaiiities  by  cate  ii  si  ii 

C’onsideratioii  of  the.se  various  sources  of  uiforuiation  makes  it  seem 
IT  Iv  tlvit  th(>  -iveraire  individual  can  remain  alive  tor  many  houis  in 
w-acr  Il‘a  temperature  of  20'>  C.  Imt  will  beeome  fatally  hypothermic  m 
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about  an  lioiir  in  water  near  freezing.  However,  there  seems  to  be  con- 
si(leral)le  variability  in  resistance  to  cooling.  Probably  the  less  resistant 
individuals  may  be  unable  to  survive  for  long  in  water  as  warm  as  15  to 
"20°  C.,  although  the  more  resistant  may  survive  many  hours  in  water 
at  0°  C. 

PROTECTIVE  CLOTHING 

Attempts  to  prevent  excessive  body  cooling  in  water  have  been  directed 
toward  devising  means  for  supjilying  the  body  with  additional  insulation. 
Professional  distance  swimmers  commonly  employ  grease  for  this  purpose. 
Many  greases,  e.g.,  petrolatum,  have  an  insulative  coefficient  approxi¬ 
mately  equal  to  that  of  fully  vasoconstricted  surface  tissues.  Since  these 


thnl'?!?*'’'’''/'"'  20  mm  it  is  evident 

"•as  coate, 1  wlJu:;."'  !,  nnti 

Channel  in  102(5.  Itts  sta  e,l»  H,  „  l*  ■""’"'.'"''"K  the  English 

was  allowed  to  .soak  in  fora  half  hour  Vh'e''*  ‘>''™  “'I  which 

over  which  was  then  poured  a  mixture  of  laooloi  was  applied 

of  iwoviding  additional  insulation  is  effective  'r'p"'  V""’”  '"''‘''‘"I 

that  very  large  quantities  are  necessarv  \  •’  '  ‘^iS'^jlvantage  is  the  fact 

necessary .  A  simple  calculation  shows  that 
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eighteen  liters  of  grease  would  be  required  to  cover  the  surface  of  an 
average  sized  man  with  a  layer  10  nun.  thick. 

During  the  past  war,  the  Gernians  devised  clothing  which  lil)erates 
carbon  dioxide  when  chemicals  within  the  fabric  become  wet,  on  the  theory 
that  the  carbon  dioxide  would  form  an  insulative  layer  about  the  body. 
A  suit  of  this  type  would  be  protective  if  it  were  i)ossible  to  prevent  water 
from  passing  between  the  insulative  layer  of  gas  and  the  clothing;  however, 
tests  in  cold  water  showed  that  the  present  garments  are  not  of  much 
value.*^ 

Preservation  of  the  insulative  value  of  clothing  by  means  of  a  water¬ 
tight  garment  appears  to  be  the  most  practical  means  available  for 
preventing  excessive  body  cooling  in  water.  These  garments,  which  are 
made  of  rubberized  fabric,  completely  enclose  the  body  with  the  exception 
of  the  head  and  (in  some  designs)  the  hands.  Seals  are  obtained  at  these 
points  by  means  of  drawstrings  or  other  devices.  In  this  way,  the  clothing 
beneath  is  kept  relatively  dry  and  retains  insulative  value.  Theoretically 
it  appears  possible  to  j)rotect  for  many  hours  men  immersed  in  even  the 
coldest  water,  provided  that  sufficient  clothing  is  worn  beneath  the  water¬ 
tight  layer  and  that  leakage  does  not  occur.  Although  in  actual  practice 
some  water  enters  at  the  seals,  these  suits  have  proved  to  be  effective  and 

are  widely  used.  .... 

Assuming  men  are  w'earing  heavy  winter  clothing  having  an  insulative 
value  of  3.5  do  units  (1  do  =  0.18°  C./Cal./m.“/hr.)  and  that  insulation 
of  peripheral  body  tissues  is  0.5  do  (giving  a  total  of  4.0  do) ,  heat  lost  by 
conduction  to  water  at  0°  C.  is  at  the  rate  of  00  Cal./hr.  for  the  individual 
of  average  size.  Heat  lost  in  respiration,  assuming  a  relatively  high  ventila¬ 
tion  rate  of  1000  liters  per  hour,  would  be  approximately  30  Cal./hr. 
Heat  lost  from  unimmersed  and  uncovered  surfaces,  e.g.  head  and  neck, 
can  be  estimated  only  approximately.  If  these  surfaces  represent  5  per 
cent  of  the  total  body  surface  and  possess  insulative  value  equivalent  to 
0  11  °  C  /Cal./m.2/hr.,  heat  will  be  lost  at  the  rate  of  30  Cal./hr.  wh^i 
conditions  are  severe  enough  to  lower  the  surface  temperature  to  0  C. 
To  this  total  of  150  Cal./hr.  must  be  added  heat  lost  by  evapoiation  o 
water  from  the  general  body  surface.  Apiiroximately  19  pains  of  water 
per  hour  (equivalent  to  11  Cal./hr.)  arc  evaporated  from  the  body  surfpe 
‘i  clothed  In  at  rest  in  a  roo.n  sufficiently  co  d 
On  the  assumption  that  this  is  the  correct  order  of 
different  situation  under  eonsi.lerat.on  .t  may  he 

niatelv  ICO  Cal./hr.  must  he  provided  m  order  to  lialauce  heat  loss,  lor 

the  individual  of  averaste  size,  this  is  equivalent  to  a  rate  of  heat 

tion  of  00  Cal./m.  Vlir-  'I'l'i*  qoautity  of  heat  can  he  proiluccd  by  modciatc 

shivering. 
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logical  grounds.  The  hands  and  fingers  consist  of  solids  which  are  com¬ 
binations  of  plane  surfaces  (the  front  and  back  of  the  hand),  cylinders 
(fingers)  and  spheres  (the  hemisi)herical  fingertips).  It  has  long  been 
known  to  heating  engineers  that  insulation  applied  to  small  steam  pipes 
is  inefficient,  and  engineers  have  developed  the  equations  which  can  be 
used  to  determine  the  actual  protection  afforded  to  pipes  of  various  sizes 
by  insulating  material  of  known  conductivity  and  specified  thicknesses. 


ANALYSIS  OF  PROBLEMS 

In  the  following  analysis,  the  heat  flow  equations  are  either  taken 
directly  or  derived  from  the  text  by  Zemansky^  and  will  be  applied  to  the 
problem  of  gloves  and  mittens.  In  addition,  data  have  been  taken  from 
other  parts  of  this  book  and  from  reports  of  the  United  States  Army  Cli¬ 
matic  Research  Laboratory. 

The  conclusions  that  are  drawn  from  the  analysis  agree  with  field  experi¬ 
ence.  The  hands  cannot  be  kept  warm  in  arctic  environments  except  by 
maintaining  a  rapid  circulation  of  blood  (by  exercise) ,  by  withdrawing 
the  hand  and  arm  into  a  parka  type  shirt,  or  by  artificial  heat.  The  time 
that  elapses  after  exposure  to  cold  begins  until  unbearable  cold  or  frostbite 
occurs,  varies  with  various  gloves  and  mittens,  and  these  times,  called 
“tolerance  times,”  can  be  estimated  with  fair  accuracy  from  theoretical 
considerations  and  can  be  shown  to  correspond  to  actual  experience. 

The  analysis  is  taken  with  slight  modification  from  report  No.  76-A 
of  the  U.  S.  Army  Climatic  Research  Laboratory  and  some  of  the  data 
from  report  No.  64-A  from  the  same  laboratory. 

Fabrics  on  a  Plane  Surface.  For  a  thickness  of  x  cm.  of  insulating 

fabiic  on  a  plane  surface  (assuming  negligible  edge  losses  and  steady-state 
conditions) , 

K  \ 

^  —  li)  (Equation  1) 

where  q  =  cal. /sec.  flowing  through  fabric 
K  =  thermal  conductivity  of  fabric 
A  =  surface  area  in  cm.* 

T2  =  temperature  of  inner  surface  in  °C. 

Ti  =  temperature  of  outer  surface  in  °C. 

Equation  1  may  be  rewritten  as: 


U  ~  U  ^  T 

q/A  K  P 


(Equation  2) 


where  I.  .  i„eu|ali„„  value  ot  the  fabric  hr  “C./cal.-  sec,  cm,.  o,i  a  plane  surface 


q  = 


(Equation  3) 


13 
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where  q  =  cal./sec.  flowing  through  fabric 
L  =  length  of  cylinder  in  cm. 

K  =  thermal  conductivity  of  fabric 
r  =  radius  of  cylinder  in  cm. 

T2  =  temperature  of  inner  surface  in  °C. 
Ti  =  temperature  of  outer  surface  in  °C. 


Multiplying  equation  3  by  —  yields 

r 


2  IT  LK  r  , 

q  =  - ; - (I2  -  1,) 


r  In 


r  +  X 


KA 


r  In 


r  +  X 


('1'2  -  '1'.) 


or 


whence 


where 


I'  .  i:  ( 1,.  ’Jui) 

q/A  K  \  r  / 


Ic  =  —  In  (1  +  x/r) 

K 


(Equation  I) 


Ic  =  insulation  value  of  the  fabric  on  the  cylinder  in  °C./cal.  ^  sec.  cm.* 

Fabrics  on  Spheres.  For  a  sphere,  the  equation  expressing  insulation 
value  as  a  function  of  sphere  and  fabric  dimensions  may  be  developed 
from  the  basic  equation  of  steady  state  heat  flow: 

dT 


q  =  -KA 


dr 


where  q  =  cal./sec.  flowing 

q'l’  =  temperature  drop  across  the  thickness  of  insulation  dr. 


For  a  sphere 

.V  =  4  TT  r* 

and 

q  =  —4  TT  r*  K 

dr 

or 

—  n  (Ir 

•  KP  » 

4  7rK  r* 

whence 

q  r  ^ 

J  1',  4  TT  K  i  R  r* 

or 

-  (;  -  ii) 

where  T2  =  temperature  of  inner  fabric  surface  in  °C. 

Ti  =  temperature  of  outer  fabric  surface  in  ®C. 
q  =  cal./sec.  flowing  through  fabric 

R  =  radius  of  outer  surface  of  the  fabric  in  cm. 

Equation  5  may  be  rewritten  as: 

4  TT  K  V  Hr  /  4  ^  KHr 


(Equation  5) 


(Equation  6) 


where  x  =  H-r  =  fabric  thickness  in  cm, 
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Multiplying 


equation  6  by 


—  yields 
r 


Ti  -  Ti 


qxr 

KAR 


where  A  =  4  ir  =  inner  surface  area  of  fabric. 


thus 


or 


T2  —  Ti  _  ^  xr 

q/A  KR  K  (r  +  x) 


I.  = 


r  X 
Kr  +  X 


(Equation  7) 


Equations  Relating  Insulation  of  Fabrics  to  the  Factors  of  Shape 
and  Thickness.  The  above  considerations  may  be  applied  to  the  problem 
of  glove  design  by  considering  the  finger  as  a  cylinder  with  no  heat  ex¬ 
change  at  the  base  of  the  proximal  phalanx  and  radial  heat  flow  from  the 
cylindrical  shank  and  hemispherical  fingertip.  If  the  insulating  fabric  of 
which  the  glove  finger  is  made  is  ideal  (equals  4.7  clo*/inch  according  to 
Burton^  its  do  value  may  be  determined  by  rearranging  equations  2,  4 
and  7,  in  the  manner  shown  below. 

Considering  the  spherical  fingertip,  division  of  equation  7  by  equation 
2  yields 


^  -  In  (1  -1-  x/r) 

In  X 


or 


L 


=  r  In  (1  -h  x/r) 


and 


4.7x 

Ic  =  4.7  r  In  (1  x/r) 


(Equation  8) 
(Equation  9) 

Equation  9  expresses  the  effective  insulation  of  ideal  material  on  a 
cylinder  as  a  function  of  cylinder  radius  and  fabric  thickness  and  is  plotted 
m  Figure  74  for  cylinders  of  various  diameters;  Figure  75  is  a  plot  of 


against 


X 


and  provides  a  quick  estimation  of  insulation.  These 

figures  show  that  wrapping  a  thicker  and  thicker  fabric  on  cvlinders  of 
small  radius  is  an  inefficient  process,  giving  small  fractions  of  a  do  per 
inch  after  even  small  thicknesses  have  been  exceeded.  ^ 

2  division  of  equation  7  by  equation 


or 


Tp  r  -t-  X  1  4-  x/r 


(Equation  10) 


la  =  E 


=  I 


1 


r  +  X  1  +  x/r 


(Equation  11) 

Equations  10  and  11  are  plotted  in  Ficrures  74  nnd  7/^  Tt  m  i 

1  do  IS  conventionally  defined  as  0.18  decrees  ner  ktr  ^ol 
equals  Ihc  usual  iusulalion  value  ot  ordinary  indoor  dolhfng 


FRACTION  OF  PLANE  SURFACE  INSULATION 


■3  6  6  10 

THICKNESS  OF  FABRIC  IN  INCHES 

l-'ig.  74.  Insulation  of  ideal  fabric  on  a  plane,  eylinders,  and  spheres. 
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value  for  Ic  as  x  increases  without  limit  in  equation  9,  the  value  of  Is  for 
infinitely  large  x  is: 


la  =  4.7x 


r  +  X 


=  4.7 


r  r 

- =  4.7  - - 

r  +  X  r/x  +  I 


X 


=  4.7r  (at  x  =  infinity) 

Thus,  the  maximum  possible  fingertij)  insulation  is: 


do  =  4.7  X  I  =  1.75  do 

assuming  %  in.  =  diameter  of  the  fingertip  and  ideal  insulating  fabric. 

INSULATION  AFFORDED  BY  GLOVES 

The  above  analysis  may  be  applied  to  the  problem  of  glove  design  by 
using  an  average  finger  diameter  of  0.75  inches.  If  4  clo  are  desired  foV 
the  fingers,  a  ctdculation  using  equation  9  shows  that  the  fabric  thickness 
should  be  3.3  inches.  This  thickness  of  insulation  is,  of  course,  entirely 
impractical  for  gloves,  and  it  is  thus  seen  that  a  glove  of  high  insulation 
value  IS  impossible  to  construct. 

It  is  important  to  consider  the  poetical  upper  limit  of  glove  insulation, 
lie  quarter  of  an  inch  of  fabric  thickness  may  be  taken  as  the  maximum 
thickness  consistent  with  reasonable  dexterity;  on  this  basis  the  finger 
vould  be  protected  by  0.89  clo,  the  fingertip  by  0.71  clo. 

It  IS  thus  seen  that  no  glove  of  insulation  value  higher  than  1  to  li/  do 

by'faLir  ™  i-uIatiL!  afforded 

lySVLATION  KEQVIRED  TO  MAINTAIN  FINGERS  AT  TUB  COMFORT  LEVEL 


Therefore 


0./  do  0.15  indi  thickness  for  “static  air  layer.” 

(■+¥) 


lair  =  4.7  X  I  In 


—  1.76  In  1.4 
=  0.59  do 


F.  (“mfort temper.ature  of 


q  = 


81  -  T„ 


where  q  =  heat  flow  in  Cal./hr.  m.^  ^ 

1  a  -  air  temperature  in  °F. 

I  =  total  insulation  on  fingers  in  clo. 


(Equation  12) 
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Equation  12  may  be  rearranged  as 

I  =  total  do  required  =  - - — ^  (Equation  13) 

om  q 

The  heat  production  in  the  fingers,  q,  results  almost  entirely  from  the 
blood  flow  to  the  fingers,  which  is  between  15  and  40  cc./min./lOO  cc.  of 
tissue  in  extreme  vasodilation,  and  1  cc./min./lOO  cc.  of  tissue  in  vaso¬ 
constriction.^  It  may,  in  fact,  be  less  than  this.  Table  34  is  computed  from 
equation  13  and  shows  the  requirements  for  the  entire  range  of  constric¬ 
tion  and  dilation  at  six  air  temperatures.  Figure  76  illustrates  representa¬ 
tive  data  of  Table  34  and  shows  in  addition  the  maximum  possible 
insulation  for  handgear. 


Table  34.  Number  of  Clo  of  Insul.\tion  Needed  to  Maintain  the  Fingers  Comfort¬ 
ably  (Tg  =  84°  F.)  AT  Six  Air  Temperatures  and  Various  Heat  Inputs  to  the  Iingers 
Corresponding  to  a  Wide  Range  of  States  of  Peripheral  Circulation 


N 


1/10.3 
1/8.9 
1/7.4 
1/G.O 
1/4.  G 
1/3.1 
1.0 
3.1 
4  G 
GO 
7.4 
8.9 

10.3 


Cal. /hr.,  m.^ 


1/ 


in 


°F. 


7.1 

8.3 
9.9 
U.2 
IG.O 
i>3.G 

73.3 
230.0 
335.0 
440.0 
544.0 
G50.0 
755 . 0 


70 

40 

20 

0 

-20 

-40 

G,  1 

19.1 

27.9 

3G .  5 

45 . 2 

53.8 

5.2 

1G.4 

23.8 

31 .2 

38.7 

46.1 

4  4 

13.7 

20.0 

2G.2 

32  5 

38.6 

111 

1G.2 

21 .2 

2G  3 

31.3 

2  7 

8.5 

12.4 

1G.2 

20  1 

23.9 

1  8 

5.8 

8.4 

110 

13  G 

IG  2 

O.G 

1.8 

2.7 

3  5 

4  4 

5  2 

O.G 

0 . 9 

11 

14 

1 .7 

O.G 

0.8 

10 

11 

0  G 

0.7 

0  9 

O.G 

0.7 

f/k 

O.G 

of  q  in  the  table. 

It  is  apparent  from  Figure  70  that  wlien  U.ere 

^  T4io::rcim,L?d;  iaiuojmihru^^ 

level  (84°  F.)  •  In  heavy  exercise  (vasodilation)  little  g 

tion  is  required. 

INSULATION  imivimu  TO  MAINTMN-JTNGERS  AT  60°  I. 

The  skin  temperature  of  the  ij^ter^ty." Olathe  basis  of  a 

the  average  without  a  8''“^  „tiire  equation  13  may  lie 

tfdetr  the  i-f ::;‘;:r"aTu 


Fig.  76.  Clo  needed  to  maintain  fingers  comfortably  (skin  temperature  84°  F.,  28.9°  C  )  for 
various  air  temperatures  and  conditions  of  peripheral  circulation  (heat  inputs). 


q 

N 

Cal. /hr.,  m.^ 

40 

1/10.3 

7.1 

8.7 

1/8.9 

8.3 

7  4 

1/7.4 

9  9 

6.2 

1/6.0 

12.2 

5. 1 

1/4  6 

16.0 

3.9 

1/3.1 

23  6 

2.6 

1.0 

73.3 

0.8 

20 


17.3 
14.8 

12.4 
10.1 

7.7 
5.2 

1.7 


Ta  in  °F. 


0 


25.3 

22 . 3 
18.7 
15.2 
11.6 

7.9 

2.5 


34.8 

29.8 
25.0 
20 . 2 

15 . 4 

10.5 
3.4 


-40 


43.5 

37.2 

31.2 

25.3 

19.3 
13.0 

4.2 


otc.  N  fraction  of  normal  heat  inniit  C7a  *■>  i'*  \  /i  - - - - 

of  q  111  the  table.  ^  '  ^^^-Ar.,  m.*)  corresponding  to  each  value 
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vasoconstriction  will  have  occurred  (with  the  exeeption  of  a  man  doing 
strenuous  exercise)  .  Thus  it  may  he  concluded  from  Figure  77  that  gloves 
are  inadequate  to  maintain  the  fingers  at  ()0°  F.  in  air  temperatures 
below  30°  F, 

INSULATION  VALUE  OF  MITTENS 

The  above  analysis  of  the  effect  of  shape  on  insulation  may  be  used  to 
estimate  the  insulation  value  of  mittens  and  the  iqiper  practical  limit  of 


that  can  he  snppiicih.v 

tion  of  gloves  and  mittens.  of  the  three  geometrical 

..^hetexhe 
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thumb  may  be  considered  as  a  cylinder  with  a  spherical  end.  Table  36 
shows  five  different  and  reasonable  ways  of  considering  the  hand,  with 
the  resulting  average  computed  values  for  the  Washburn  mitten.* 


Table  36.  Clo  Values  in  Use  of  Washburn  Mitten 


Fraction  of  Total  Insulation  Assigned  to  the 
Geometrical  Forms  of  Which  the  Hand  is 
Composed 

Sphere  and  Cylinder 
Diameters  in  Inches 

Average  Calculated 
clo  for  Washburn 
Mitten  (Including 
Thumb  Insulation 
Calculated  to  be 
1.2  clo) 

Plane 

Cylinder 

Sphere 

Cylinder 

Sphere 

0.5 

0.5 

0.5 

1.9 

0,5 

0.25 

0.25 

0.5 

1.0 

1.9 

0.5 

0.5 

0.5 

1.0 

1.3 

0.25 

0.5 

0.25 

0.5 

1.0 

1.8 

0.5 

0.5 

1.0 

2.0 

19 

Average  1 . 8 

This  table  is  based  on  fabric  insulation  of  4  clo  per  inch  and  mitten 
insulation  thicknesses  measured  in  a  Washburn  mitten.  The  five  experi¬ 
mental  determinations  for  the  same  mitten  on  the  copper  hand  shown  in 

Table  37  yielded  an  average  of  1.5  clo  which  is  in  satisfactory  agreement 
with  the  calculated  value. 


Table  37.  Clo  Determinations  Made  on  Copper  Hand  (Washburn  Mitten) 


Clo  Value  (Air  Insulation  of 

0.31  Clo  Subtracted) 

1 

.22 

1 

81 

1 

49 

1 

54 

1 

32 

Average  1 

48 

been  ^  1-^ 
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mitten  containing  twice  the  thickness  of  insulating  fabric  as  the  standard 
one  has  been  calculated  for  the  live  ways  used  in  the  table,  and  the 
average  of  these  calculations  is  2.9  do.  This  indicates  that  a  100  per  cent 
increase  in  thickness  results  in  a  GO  per  cent  increase  in  do  value.  There¬ 
fore,  it  may  be  concluded  that  mittens  are  decidedly  superior  to  gloves  in 
both  insulation  value  and  efficiency  of  fabric  utilization.  It  must  be  noted, 
however,  that  for  the  2.9  do  mitten  described  above  the  fabric  thickness 
is  134  to  1%  inches,  making  a  highly  cumbersome,  unwieldy  and  imprac¬ 
tical  mitten.  Even  such  a  mitten  fails  completely  to  maintain  skin 
temperatures  of  the  fingers  at  either  84°  F.  or  00°  F.  when  there  is 
vasoconstriction,  as  is  usually  the  case  for  a  resting  man  for  air  tempera¬ 
ture  below  30°  F. 


Best  possible  mitten^  good  for  2*3hours^  ot  rest 


Strenuous  exercisoino  mitten  needed 

Fig.  78.  Relative  size  of  mittens  needed  for  different  exposure  times  at  —20  1. 

Figure  78  is  a  picture  of  the  mitten  requirements  at  —20°  F.  ambient 
temperature.  The  practicability  of  maintaining  the  comfort  level  of  skin 
temperature,  along  with  the  requirements  for  different  exposure  times, 
are  shown  pictorially.  The  methods  of  deriving  the  values  for  exercise 
and  indefinite  exiiosures  at  rest  have  been  considered  above;  the  method 
of  deriving  the  other  values  is  discussed  below. 


HATCH'S  METHODS  FOR  CALCULATING  TOLERANCE  TIME 
Since  it  is  clear  that  the  insulation  provided  by  gloves  and  »'it^ 
inadequate  to  maintain  skin  temperature  at  ether  ^ 

84°  F  or  iiist  above  the  level  where  pain  and  loss  of  dexteiity  beco 
considerable  (CO''  F.),  it  is  desirable  to  consider  the  time  for  a 

drop  to  an  intolerably  low  temperature,  the  *7';.^', !  ‘ ' 

done  using  the  equations  for  body  cooling  develo,)cd  by  Hatch. 
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To  -  Te 
T.  -  T, 


(Equation  14) 


A  T,  =  ^ 

where  t  ==  time  in  hours  to  cool  to  any  given  skin  temperature 
To  =  initial  skin  temperature  in  °F. 

T,  =  equilibrium  skin  temperature  in  °F. 

Ta  =  air  temperature  in  °F. 

P  =  constant  (very  closely)  for  a  given  handgear  combination 
T,  =  skin  temperature  in  °F.  at  any  time  t 
q  =  Cal./hr.,  m.*  of  heat  lost 

Ct  =  clothing  conductance 
A  Te  =  Te  -  Ta 


(Equation  15) 


In  equation  14  the  only  unknowns  on  the  right  hand  side  of  the  expres¬ 
sion  are  P  and  Tg.  These  may  be  evaluated  in  the  following  manner  for 
the  Washburn  mitten  combination  if  q  and  Ct  can  be  determined. 

The  part  of  the  hand  which  gets  cold  first  is  the  fingertips.  From  the 
analysis  above,  the  total  fingertip  insulation  of  the  Washburn  mitten  may 
be  shown  to  be  1.5  do  (air  included) .  Climatic  Research  Laboratory  data 
taken  at  —20°  F.  ambient  temperature  indicates  that  the  average  toler¬ 
ance  time  for  the  combined  Wilkins-Ford  and  Washburn  mitten  data  is 

102  minutes  (1.7  hours),  the  average  temperature  at  this  time  being 
+48°  F.  ^ 

Therefore,  the  remaining  unknown  is  q;  by  assuming  maximum  and 
minimum  values  of  vasoconstriction  some  idea  of  the  effect  of  q  on  Tg  and 
P  may  be  obtained.  The  known  quantities  are: 


Ta  =  -20°  F. 
To  =  91.4°  F. 


.18  X  1.5 


-  =  3.7 


t48  average  time  for  skin  temperature  drop  to  48°  F 
=  102  minutes  (1.7  hours) 


F or  moderate  vasoconstriction 
equation  15 


assume  q  =  30.0  Cal./hr.,  m.-^;  then  from 


ATe 


and 


3.7 


X  1.8  =  14.6°  F. 


Te  —  Ta  A  Te  =  —20  -f  14.6  =  —5.4°  F. 
Substituting  these  values  in  equation  14  yields: 


P  =  -J_  1j^  31.4  4-  5.4 


1  ,  96.8 

In -  =  0.348 


1.7  48.0  4-  5.4  1.7  53  4 

TherrfoC  assume  q  =  0.9  Cal./hr.,  m.= 


Am  3.9  ^ 

^  ^  X  1.8  =  4.8°  F. 

L  =  —20  4-  4.8  =  —15.2  °F. 


and 
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1  ,  91.4  +  15.2  1  ,  106.6 

—  In -  =  —  In - 

1.7  48.0  +  15.2  1.7  63.2 


0.306 


It  is  thus  seen  that  the  variation  in  P  is  small  for  large  percentage  circu¬ 
lation  changes  once  vasoconstriction  has  occurred,  and  therefore  may  be 
taken  as  a  constant  of  value  0.32  for  this  mitten  combination.  This  per¬ 
mits  calculations  of  tolerance  times  at  other  ambient  temperatures. 

At  — 40°  F.  ambient  temperature,  and  assuming  values  of  q  of  23.G, 
16.0,  and  9.9  Cal./hr.,m.2,  equations  14  and  15  yield  tolerance  times  of  85, 
82  and  80  minutes.  The  experimentally  determined  average  tolerance  time 
is  75  minutes. 

At  -[-20°  F.  ambient  temperature  and  assuming  the  same  values  for 
P  and  q,  the  calculated  tolerance  times  are  184,  167  and  156  minutes.  The 
experimentally  determined  average  tolerance  time  is  180  minutes. 

At  — 10°  F.,  and  assuming  the  same  value  of  P  and  that  q  =  36,7 
Cal./hr.,  m.2,  the  calculated  tolerance  time  is  132  minutes.  The  experi¬ 
mentally  determined  average  tolerance  time  is  137  minutes. 
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CHAPTER  12 


CLOTHING  AND  CLIMATE 
Paul  A.  Siple 


INTRODUCTION 


Among  the  factors  influencing  the  selection  of  proper  clothing  for  a 
given  environment  are  the  following: 

Individual  environmental  conditions 
Physiological  state  and  activity  of  the  body 
Character  and  amount  of  food  intake 
Duration  and  intensity  of  exposure 
Efficiency  of  clothing  design 
Acclimatization 
Accustomization* 

Each  of  the  foregoing  helps  determine  correct  clothing  design  in  the 
seven  major  types  of  climatic  environment  or  “clothing  zones”  of  the 
world.  These  clothing  zones  will  obviously  vary  in  location  and  extent 
according  to  the  climatic  types  they  represent.  They  may,  for  example, 
exhibit  regularly  recurring  seasonal  movement  northward  or  southward, 
modified  by  the  topography  and  character  of  adjacent  land  and  sea 
masses,  or  they  may  exhibit  more  rapid  shifts  in  diurnal  changes  at  night¬ 
fall  and  dawn. 

do  show  their  distinctive  differences,  clothing  zones  are  characterized 
as  follows: 

I.  The  minimum  clothing  zone,  or  the  humid  tropical  and  jungle 
type 


II.  The  hot  dry  clothing  zone,  or  desert  type 

III.  The  one  layer  clothing  zone,  or  subtropical  or  optimum  comfort 
type 

mu  2one,  or  the  temperate  cool  winter  type 

mi  ^  clothing  zone,  or  the  temperate  cold  winter  type 

vif  mr  maximum  clothing  zone,  or  subarctic  winter  type 

V  II.  I  he  activity  balance  zone,  or  the  arctic  winter  tvpe 
Most  climate  classifications,  such  as  those  produced'by  Koppen  and 
ri,on.thwa.te,  d.v.de  the  world  into  specific  areas  with  fairly  defin  te 
houndanes.  Each  chmate  zone  is  characterized  by  its  own  peculiar  reeime 

V  JeH  ™  Tnef  tT-  '-seTprimaX r, 

foilnl  ,  J'scussed  in  this  chapter,  however 

c"“!  Il U.  S.  Army  Qua  term.altc; 
Co.  PS  n,  the.r  chmat.c  zone  maps.  These  maps,  based  on 'average  montldy 
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conditions  throiif^hont  the  world,  represent  primarily  the  effeets  of  tem¬ 
perature,  iireeipitation  and  wind. 

A  review  of  the  environmental  characteristics  of  the  seven  major  eloth- 
ing  zones  and  of  the  physiological  changes  that  the  body  assumes  upon 
exposure  is  essential  l)efore  we  can  discuss  the  general  prineiples  of 
clothing  design  most  suitable  for  the  environmental  protection  of  the  body. 

THE  MINIMU.M  (  LOTHING  ZONE: 

HUMID  TROPICAL  AND  JUNGLE  TYPE 

In  the  Minimum  Clothing  Zone  or  Humid  Tropical  and  Jungle  Type, 
the  body  tries  to  establish  satisfaetory  thermal  equilibrium  between  its 
heat  production  and  an  environment  in  which  the  absorption  of  heat  is 
partially  inhibited.  In  sneh  a  zone  even  the  unclothed  body  may  be  sub¬ 
jected  to  positive  heat  stress.  \\c  use  the  term  “jiositive  heat  stress”  when 
the  body  is  unable  to  transfer  its  heat  into  the  environment  without  the 
body  temperature  becoming  elevated  above  normal. 

The  minimum  clothing  zone  cannot  l)c  depicted  as  any  specific  geo- 
gra  j)hic  location.  It  is  constantly  shifting  under  the  diurnal  and  seasonal 
effects  of  sun,  rain  and  wind.  The  constantly  changing  environment  com¬ 
bined  with  the  varying  rate  of  human  activity  make  any  equilibrium 
established  somewhat  dynamic  in  character.  Hence,  generalizations  cov¬ 
ering  such  a  state  of  equilibrium  must  be  very  broad,  a  fact  which  the 
reader  should  keep  in  mind  when  it  appears  that  the  author’s  comments 
seem  not  to  ai)i)ly  to  some  sjiecific  case  or  geographic  locality.  The  mini¬ 
mum  clothing  zone  is  found  over  large  areas  of  the  earth,  both  daily  and 
for  a  consideralile  j)eriod  of  each  year,  and  has  a  tremendous  infiucnce  on 
the  lives  of  millions  of  the  earth’s  inhabitants. 

EX  VIROXMEX  TA  L  COSO  I TIOXS 

.\lthough  the  environmental  conditions  in  which  minimum  clothing  is 
reijuired  can  be  described  in  general,  the  zone  involves  a  great  manj 
specific  variables.  There  is  not  only  the  dynamic  interplay  of  meteoro¬ 
logical  factors  of  varying  intensity,  but  also  the  effects  of  such  additional 
factors  as  activity,  length  and  extent  of  exposure,  health,  sex  and  age  of 
the  individual,  and  his  degree  of  acclimatization  and  accustomization.  As 
to  the  latter  two  factors,  it  is  obvious  that  a  person  acclimatized  to  cold 
temperature  can  shed  his  clothing  with  comfort  at  a  higher  rate  of  heat 
loss  into  the  environment  than  can  an  individual  acclimatized  to  heat.  In 
the  case  of  accustomization,  habits  and  conventional  customs  make  it 
undesirable  to  strip  the  body  completely,  even  when  desirable  from  a 
phvsiological  standpoint.  The  custom  of  wearing  certain  specified  artic  es 
of  clothing  on  the  feet,  chest  and  trunk  sometimes  causes  a  convcntiona  ly 
reipiired  action  to  be  accompanied  by  physical  discomfort.  The  principles 
here  discussed,  however,  are  for  healthy  male  adults  of  Army  age. 

Due  to  the  wide  range  in  meteorological  variables,  certain  other  condi¬ 
tions  must  be  specified  in  order  to  define  the  zone  for  mm.mum  c  othmg. 
The  average  degree  of  activity  must  be  specified  as  equivalent  to  standing 
around  idle.  In  this  condition  the  metabolic  output  is  approximately  d 
to  75  kg.  cal.  per  square  meter  per  hour,  and  the  elothing  requirement 
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is  approximately  half-way  between  that  of  a  sleeping  man  and  one  who  is 
walking  at  a  marching  pace  on  level  ground.  Thus,  for  the  sleeping  man, 
the  standing  man,  the  marching  man,  or  the  strenuously  active  man  the 
zone  permitting  minimum  clothing  will  differ  considerably.  If  we  consider 
temperature  and  radiation  alone,  a  sleeping  man  having  the  physique 
typical  of  the  American  soldier  needs  a  clothing  cover  for  comfort  at 
temperatures  lower  than  86°  F.  The  standing  man  requires  clothing  when 
the  temperature  is  as  high  as  84°  F.  On  the  other  hand,  the  same  man 
could  continue  marching  comfortably  without  clothing  at  temperatures 
in  the  middle  70’s.  The  use  of  only  a  small  amount  of  clothing  over  the 
torso  quickly  extends  these  temperatures  downward  several  degrees,  in¬ 
creasing  rapidly  in  efficiency  with  increased  energy  output.  However, 
temperature  is  only  one  of  the  avenues  of  heat  loss  that  determines  the 
environmental  lower  boundary  for  minimum  clothing.  In  addition,  the 
combined  effects  of  the  evaporative  power  of  the  atmosphere,  the  con¬ 
vective  movements  in  the  air,  and  the  incoming  and  outgoing  radiation 
must  be  considered.  These  four  avenues  of  heat  loss  can  be  combined  into 
a  single  term  heat  floiv,  equivalent  to  the  total  heat  output  of  the  body. 
Therefore,  the  limits  of  the  minimum  clothing  zone  are  established  in 
general  as  that  zone  in  which  the  unclothed  human  body  is  in  comfortable 
equilibrium  with  the  total  cooling  power  of  the  atmosphere. 

^\hen  the  ability  of  the  atmosphere  to  absorb  heat  approximates  the 
rate  at  which  heat  is  produced,  the  body  goes  into  heat  stress.  Among 
the  physiological  responses  to  such  a  situation  which  have  been  discussed 
by  lonides*  are  the  following:  Body  temperature  rises,  sweating  ap¬ 
proaches  a  maximal  rate,  skin  conductivity  reaches  a  maximum,  heart 
rate  increases,  and  blood  pressure  falls.  If  the  heat  stress  continues  above 
a  rate  permitting  the  establishment  of  equilibrium,  heat  exhaustion  or  heat 
stroke  ensues,  with  collapse  or  death. 

The  lower  limit  for  minimum  clothing  without  shivering  is  less  clearlv 
defined  at  this  time  but  there  is  evidence  that  it  ranges  in  the  vicinitv  of 
eiivironmental  conditions  permitting  the  atmosphere  to  remove  heat  at 
approximate  y  two  to  four  times  the  rate  of  actual  heat  production  Inves- 
tigatioii  of  atmospheric  thermal  acceptance  of  human  body  heat  has  not 
progiessed  sufficiently  to  permit  application  of  the  values  to  a  man  How- 
e\er.  «i  i  instruments  capable  of  measuring  environmental  heat  absorii 

is  physiologicallv  desirable  can  be  I"  clothing 

are  humid  I  w2  and  wlmi'  t  " 

and  8(i»  F.  (20  toS0»  C.)  Are.as  in  wh  elftl  r-*'  <58 

out  the  entire  vear  are  the  trmdel  ,  0  .T''  Prevail  throiigh- 

at  noon  each  dav.  As  the  sun  traw'ir"^  Ir  ®"'i’  “®‘‘>r  ‘I'e  zenith 

,e„;rt  „„  ‘tL  '  !  “rtlnvard  or  southward  from  the 

filed  w„h  E„viro„„.e„lal  'Toteotio„"seo,r„':X  (Ciwliran), 
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equator,  the  belt  of  warm  humid  conditions  moves  with  it,  extending 
through  the  subtropics  to  latitudes  as  high  as  45  degrees  in  midsummer. 

1  he  boundaries,  however,  are  extremely  variable  because  of  the  physical 
form  and  elevations  of  land  masses  and  the  character  and  flow  of  the  air 
masses.  Even  within  the  equatorial  belts,  at  high  elevations,  clothing 
becomes  essential  and  in  dry  periods  of  the  year  insulation  from  intense 
heat  is  necessary.  This  is  particularly  true  during  the  summer  months  in 
the  north  latitude  in  the  vicinity  of  30  degrees,  the  belt  in  which  the  great 
desert  areas  of  the  world  are  to  be  found.  Within  this  minimum  clothing 
zone  the  following  environmental  factors  are  among  the  more  important. 

Radiation.  At  the  equator,  the  peak  of  radiation  intensity  comes  at 
noon.  In  this  environment,  however,  man  is  generally  sheltered  by  readily 
available  shade,  dense  vegetation  and  by  clouds  of  the  convective  cumulus 
type.  Nights  are  often  clear,  permitting  considerable  outgoing  radiation, 
and  indirectly  causing  heavy  dew  formation.  Nights  spent  in  the  open 
may  be  decidedly  mild  or  cool  and  offer  a  jfleasant  relief  from  the  daytime 
heat.  The  acclimatized  tropical  man  is  also  generally  sheltered  in  prey)ara- 
tion  for  rain,  thus  the  radiation  loss  is  baffled  by  the  roof  over  his  head. 
Ilis  shelter,  open  at  the  sides,  permits  him  to  take  advantage  of  fill  possible 
air  movement. 

Temperature.  Daytime  temperatures,  generally,  do  not  rise  above  the 
low  90’s  because  of  the  abundant  supply  of  moisture.  This  moisture  keeps 
the  temperature  down  by  evaporation.  At  night,  this  same  moisture  pre¬ 
vents  extensive  cooling  because  of  the  heat  returned  to  the  atmosphere 
upon  condensation.  Therefore,  night  temperatures  seldom  drop  below  the 
low  go’s  in  the  lower  range  of  this  zone  and  remain  in  the  70’s  and  80’s  m 

the  higher  range.  •  i  •  i  «- 

Wind.  In  general,  wind  velocities  are  low  except  for  occasional  violent 

storms.  Within  the  forested  areas,  however,  the  wind  velocity  decreases 
to  minimal  values  at  the  ground  levels  where  man  lives.  Air  movement 
is  the  most  essential  single  factor  for  comfort  when  both  the  temperature 
and  humiditv  are  high.  A  man  is  often  more  comfortable  when  he  is 
moving  about,  in  spite  of  his  higher  heat  production,  than  when  he  is 
sitting  in  motionless  air.  Wind  velocities  average  .3  to  5  miles  an  hour  at 
ground  level  in  the  open,  and  less  than  1  mile  an  hour  m  sheltered  com¬ 
munities  and  in  areas  of  dense  vegetation. 

Humidity.  Vapor  pressure  varies  between  18  and  20  nun.  Ilg.  Ibn  evoi, 

the  average  maxim,™  vah.e  rarely  exceds  25.  .Vt  night 
humidities  of  100  per  cent  at  the  dew  point  temperature.  Dnrm^ 

tlip  fl'iv  tliev  mav  drop  to  50  to  70  per  cent.  .  ,  i  •  1.1 

Precipitation.  Convectional  .showers  are  common,  particnlarl.v  m  le 
late  tf  e  noon  coming  in  snd.Ien  local  downponrs  o  lowed  by  qmcK 
rl-off  vegetation,  stagnant  hnmid  air  and  mtemse  snnshme. 

Zl'owers^as^  rule,  give  little  relief,  for 

clothing  and  skin  is  too  slow  to  produce  significant  cooliiv. 

PlI  }\S lOLOGICA L  CONDI T I ONS 
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removal  is  readily  available.  The  quantity  of  heat  transfer  by  radiation 
and  eonduetion  is  frequently  negative  or  insignificant.  At  low  activities, 
these  avenues  may  sometimes  suffice  without  visible  sweating  for  evap¬ 
orative  cooling.  The  periods  of  least  discomfort  are  generally  at  night  and 
during  the  early  mornings  when  physical  activity  can  be  greatest,  light 
permitting.  Evaporative  cooling  is  inhibited  even  though  the  controlling 
vapor  pressure  differential  is  rarely  much  less  than  2  to  1  between  the 
wet  skin  surface  and  the  atmosphere.  When  there  is  an  appreciable  breeze 
blowing,  a  fully  acclimatized  individual  can  enjoy  relative  comfort  while 
inactive  or  he  can  even  perform  moderately  strenuous  work  without 
danger  of  collapse. 

Tropical  acclimatization  tends  to  establish  an  efficient  equilibrium. 
Sensitivity  to  the  heat  becomes  lessened,  enervation  becomes  more  per¬ 
manent  and  tempers  become  more  normal.  Psychological  adjustments  and 
aecustomization  to  the  environment  make  life  more  tolerable.  In  short, 
the  human  body  is  so  adaptable  that  what  appears  to  be  a  disagreeable 
climate  to  the  outsider  is  pleasant  to  the  natives  and  the  fully  acclimatized 
and  accustomized  visitor.  The  body  is  thermally  adjusted  to  a  high 
threshold  so  that  intensive  outgoing  radiation  into  a  clear  sky  may  cause 
the  acclimatized  man  to  feel  chilly,  and  call  for  shelter  from  the  breeze, 
some  added  clothing  or  even  a  fire.  To  a  temperate-conditioned  man,  the 
same  type  of  evening  might  feel  intolerably  warm  or  at  best  a  pleasant 
relief  from  the  exhausting  heat  of  the  day. 

It  is  evident  that  clothing  designed  for  tropical  wear  is  not  basicallv  for 
t  eimal  protection.  Clothing  worn  for  the  sake  of  convention,  ornamenta- 
tioii;  or  protection  against  other  environmental  factors  inhibits  optimum 
efficiency  for  body  cooling  and  adds  to  heat  stress.  The  clothing  problem 
or  this  zone  resolves  itself  m  a  compromise  between  providing  the  ideal 
of  no  clothing,  and  furnishing  a  satisfactory  covering  to  meet  purely 
psychological  and  physical  needs. 

PRINCIPLES  AND  THEORIES 

lions  exposure  as  tlie  dark-skinned  races-  and  toT  l  “  ‘‘«- 

re;:T,irestirt;^^^^ 

out  clothhig  in  hnnihlZ  i^a  hei  m  "'itl'- 

snffice  prevent  .lisca;.dL::i;,t::„ret?ei;”"'‘-'''  ™ 

Some  color  changes  arri-emdred ’  to  "***  foliage. 

"sed,  blit  except  Wthrfaee  Xr  no  Paints  can  be 

flage  clothing  ""  Sroater  advantages  than  light  camon 
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In  brief,  the  clothing  jirinciplos  of  the  tropics  luiist  take  into  considera¬ 
tion  the  following  primary  factors: 

1.  Adequate  clothing  coverage  to  satisfy  fashion  and  traditional  mod¬ 
esty 

Protection  for  skin  and  eyes  from  the  strong  rays  of  sunlight 
Protection  from  pathogenic  organisms,  thorns  and  biting  insects 
4.  Camouflage  from  a  military  viewpoint 

If  we  consider  a  naked  man  to  be  theoreticallv  ideallv  dressed  for  warm 
humid  weather,  we  have  also  concluded  that  there  arc  other  reasons 
sufficiently  important  to  require  at  least  a  ])artial  clothing  coverage.  It  is 
clear  that  the  design  of  such  clothing  should  provide  protection  from  solar 
radiation  and  noxious  organisms  and,  at  the  same  time,  provide  minimum 
resistance  to  conductive,  convective  and  especially  evaporative  cooling. 

Much  research  has  been  conducted  to  devise  the  most  desirable  tropical 
clothing.  During  the  jiast  war,  studies  led  to  the  following  design.  It  was 
a  densely  woven  two-piece  jacket  and  trousers  made  of  thin  poplin  ma¬ 
terial  of  olive  drab  shade.  This  assembly  was  com])leted  by  the  use  of 
cushion  sole  socks  with  a  high  percentage  of  wool  in  the  thickened  sole, 
and  mostly  cotton  in  the  tojis.  It  netted  an  average  of  50  per  cent  cotton 
and  50  jier  cent  wool  for  the  total  sock.  Ventilating  insoles  (laminated 
plastic  screen  material)  were  fitted  into  special  tropical  combat  boots. 
These  boots  had  rubber  cleated  soles  and  heels,  leather  counter  toe  caps 
and  sturdy  nylon  fabric  tojis  terminating  above  the  ankle  with  a  belted 
cuff,  typical  combat  boot  style.  When  the  steel  liner  and  helmet  were  not 
worn  as  head  covering,  a  visored  cap  made  of  poplin  was  available.  lor 
extreme  conditions,  e.g.,  mosquito  protection,  a  head  net  and  veil  were 
imivided.  Conventional  and  loose  fitting  tropical  underwear  shorts,  olive 
drab  in  shade,  plus  a  knitted  cotton  sleeveless  undershirt,  completed  the 
assembly.  For  cool  nights  and  for  sleeping,  a  lightweight  wool  sweater  and 
a  lightweight  wool  blanket  of  fine  material  completed  the  clothing  protec¬ 
tion.  ]\Iosquito  bars,  jungle  hammocks  and  shelter  tents  gave  increased 
protection  at  night.  For  more  dressy  occasions,  the  body  clothing  con¬ 
sisted  of  8.2  ounce  tan  cotton  trousers  and  a  0  ounce  cotton  shirt  worn 
without  a  necktie.  This  latter  assembly  was  shown  to  produce  consider- 
ablv  more  resistance  to  heat  loss  than  the  former.  The  Byrd  cloth  and 
no.'.lin  suits  were  a  considcrnl>le  improvement  over  the  heavy  '■"■■■nf 
twill  trousers  ami  jackets  which  were  previously  used  by  .yneiican  fore  . 
for  most  of  their  juusle  fighting.  With  this  lightweight  clothing  there  ,s 
adequate  ,,rotection  from  .solar  radiation.  Making  the  fain ic  as  th  n  .  s 
tss  l.le  reduces  conduction  resistance.  Heiiig  alxsorptiye,  the  mate  nil 
s^nks  up  excessive  moisture.  When  it  is  wet,  it  provides  a  reasonable 
surface  for  evaporative  cooling,  particularly  when  it 

Iiiv.  Experiments  prove  that  making  the  doth  ';n;;;-l>«;  - 
sirai.le.  The  excess  water  rolls  ilown  the  skin  and  s 
fibric  causes  increased  resistance  to  evaporative  cooling.  1  he 

If  treTaliriVrreatl.v  initnoves  the  res 

ml  *  ^.IrtitiincT  has  however  obvious  disadvantages.  INIilit.  . 
qld’i.mLnts  ustlly  stipulate  that  the  trousers  be  belted  at  the  waist  and 
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tucked  ill  the  boots  at  the  ankles,  which  further  inhibits  tlie  flow  of  air 
between  skin  and  clothing.  In  order  that  the  body  can  begin  to  eliminate 
heat  in  this  clothing  ensemble,  it  requires  sufficient  stress  to  bring  about 
profuse  sweating  and  a  jiartial  soaking  of  the  clothing  itself.  It  is  unde¬ 
niable  that  this  clothing  was  a  success  as  compared  to  jireyious  military 
clothing.  It  neglected,  however,  to  get  the  most  benefit  of  convectional 
cooling.  It  cannot  be  eonsidered  to  represent  the  final  solution  to  the 
tropieal  clothing  problem. 

During  World  War  II,  when  clothing  designs  for  tropical  soldiers  were 
being  urgently  studied,  the  author  eonstructed  a  suit  of  new  design  to 
meet  primary  military  characteristies  with  an  attempt  to  provide  mini¬ 
mum  heat  stress  upon  the  body.  The  suit  consisted  of  two  layers  in  four 
pieees.  The  inner  layer  was  a  speeial  weave  cotton  fabric  with  large  open 
pores  constructed  on  a  laee  machine  which  permitted  a  pleated  structure. 
This  two-pieee  garment  was  eonstructed  roughly  along  the  designs  of 
long  winter  underwear.  The  pleated  construction  was  sufficiently  resilient 
to  cling  to  the  body  along  the  inner  ribs  of  the  pleats,  while  the  outer  ribs 
stood  off  from  the  skin  at  an  average  distance  of  one-quarter  inch.  The 
sjiecific  purpose  of  this  garment  was  to  serve  as  a  spacer  between  the 
outer  garment  and  the  skin  somewhat  after  the  Brynje  system  (see  ])j). 
4*28  and  435) .  At  the  same  time  it  was  intended  to  block  a  portion  of  solar 
radiation  from  reaching  the  body,  to  reduce  visibility  of  the  body,  iiermit 
maximum  air  circulation  over  the  skin,  and  to  be  absorbent  of  excessive 
sweat  in  aiding  body  water  economy.  A  section  of  solid  cloth  was  sewed 
over  the  crotch  area  to  render  this  portion  of  the  net  modestly  opaque. 

The  outer  two-piece  garment  was  made  of  a  tough  nylon  mosquito  net¬ 
ting  designed  to  fit  very  loosely.  The  design  was  that  of  typical  parka 
and  trousers.  The  trousers  had  a  drawstring  at  the  waist  and  elastic  at 
the  ankles.  The  parka  had  a  drawstring  at  the  waist  also,  as  well  as  around 
the  face  opening  of  the  hood.  There  were  elastic  closures  at  the  wrists,  but 
no  front  openings  in  the  garment  itself,  it  being  a  slipover  style.  Attached 
to  the  upper  edge  of  the  hood  was  a  1*2  inch  square  of  netting  which  could 
l)e  used  as  mosquito  protection  for  the  face  when  tucked  in  around  the 
hood.  Accessory  garments  included  conventional  combat  boots  with  cush¬ 
ion  sole  socks  and  a  broad-brimmed  cotton  fatigue  hat  worn  under  the 

parkya  hood  to  hold  the  netting  of  the  hood  and  mask  well  away  from 
the  face. 

1  he  garment  was  given  several  tests  indicating  some  of  its  advantages- 

1.  Inder  moderate  physical  exercise  and  relatively  fast  walking  the 
men  wearing  conventional  military  clothing  of  cotton  Bvrd  cloth 

sUi'ck'to'tTienr''  r  *"’*'  ''«■'<>**  -'•nd  their  clothing 

s  lick  to  them.  Under  these  same  tropical  conditions  and  activities 

ic  net  suit  permitted  even  gentle  breezes  induced  hv  walking  to 

reach  the  skin  and  allowed  sufficient  cooling  to  inhibit  sweating  The 

hghtness  and  airiness  of  the  suit  made  it  very  comfortable 

■  he  wearer  of  the  net  suit  dived  into  water  fully  dad  and  found  th-it 

lesiiit  drained  off  quickly  after  coming  out  of  the  water  anil  will  ' 

about  ten  minutes  was  sensibly  dry.  ifleanwhile:  Xrs  h,  c™!;'" 
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tioiial  attire  found  that  even  the  merely  sweat  wetted  spots  in  their 
clothing  did  not  dry  out.  Furthermore,  the  net  suit  did  not  cling  to 
the  body  when  wet, 

3.  d  o  test  snagging,  the  net  suit  was  worn  while  climbing  through  brush, 
palmetto  and  thorny  vines.  Contrary  to  expectation,  the  netting 
snagged  very  little.  The  lightness  and  looseness  of  the  outer  net 
layer  {)ermitted  it  seemingly  to  float  off  of  potential  snags  rather 
than  to  resist  and  catch.  In  the  few  instances  where  snagging  oc- 
curreil,  the  netting  tlid  not  rip.  Instead,  the  construction  of  the  net 
was  such  that  the  threads  tightened  literally  into  a  knot  without 
leaving  an  enlarged  hole. 

4.  The  suit  was  worn  in  areas  of  dense  mosquito  infestation.  A  mosquito 
count  was  held  in  which  the  ratio  of  landings  to  bites  were  counted. 
In  half  an  hour,  400  landings  were  counted  and  only  one  mosquito 
bit  through  on  the  thigh  where  the  seated  subject  had  drawn  the 
inner  sjiacer  netting  so  tight  that  the  mosquito  could  reach  the  skin. 
The  observations  had  to  be  terminated  because  the  observers  dressed 
in  cotton  uniforms  with  head  nets  were  being  too  severely  bitten. 
The  hands  of  the  subject  wearing  the  net  suit  were  i)rotected  from 
mosquitoes  by  drawing  them  inside  the  overlengthened  sleeves  of 
the  outer  net  suit.  The  elastic  cuffs  then  extending  beyond  the  finger 
tips  closed  the  wrist  opening  almost  completely. 

5.  The  chief  drawback  of  the  net  suit  was  its  unconventional  appear¬ 
ance,  but  its  comfort  and  utility  outweighed  these  considerations. 

Although  the  suit  described  above  was  not  conventional,  it  did  demon¬ 
strate  that  it  is  possible  to  design  a  suit  scientifically  to  give  desired 
protection,  with  a  very  low  unit  of  heat  stress.  It  seems  reasonable  to 
assume  that  with  careful  tailoring  acceptable  garments  could  be  con¬ 
structed  to  give  greater  comfort  in  troj)ical  conditions  where  conventional 
clothing  causes  heat  stress. 

Special  attention  to  solar  radiation  protection  is  required  to  reduce  the 
incoming  heat  load,  especially  when  the  sun  is  at  high  elevation.  Broad- 
brimmed  hats  and  pith  helmets  have  long  been  considered  a  necessity  by 
tropical  jieople.  Among  the  interesting  designs  are  the  umbrella-like  head- 
gear  used  by  natives  of  the  East  Indies.  These  would  prove  unpractical  in 
a  windy  area,  but  in  a  low  wind  area  such  hats  provide  shelter  from  both 

The  best  principles  of  design  in  headgear  sliould  provide  for  an  air 
space  between  the  liat  and  the  head.  This  serves  to  keep  the  hot  surface 
of  the  hat  at  a  distance  from  the  head,  liy  tins  means  conduction  is  cut 
down  Liglit  air  movement  produced  by  a  breeze  or  by  walking  wi 
increase  the  reduction  of  the  lieat  load,  liellectivc  material  on  the  inner 
and  outer  surface  of  the  hat  was  not  deemed  practical  tor  inihtary  reasons 
of  camoiillagc.  A  sun  helmet  could  iirobahly  be  designed  to  ho  d  a  quant  ty 
of  water  near  its  surface  and  permit  absorption  of  the  solar  heat  load  by 
elrporltiol  One  obvious  disa.lvaiitage  woiihl  be  the  added  weight  of 
the  moisture  which  might  offset  the  n.lvantages  gamed  m  cooling  I 

The  application  of  further  scientific  stinly  and  iiivestigatioii  will  doubt¬ 
less  lead  to  many  improvements  in  future  tropical  clothing. 
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CLOTHING  AND  CLIMATE 

THE  HOT  DRY  CLOTHING  ZONE: 

DESERT  TYPE 

Clothing  is  required  to  jirotect  against  environmental  heat  when  the 
1)0(1  V  is  subjected  to  jirolonged  exposure  to  air  and  radiation  tenijieiaturcs 
ajipreciably  aliove  100°  F.  Such  tenijieratiircs  occur  daily,  usually  for 
months  at  a  time,  in  the  hot  desert  areas  of  the  world.  These  regions  are 
characterized  by  clear  skies,  low  humidity,  sparse  vegetation,  high  noon¬ 
day  sun,  sudden  and  intense  wind  storms  (usually  dust  or  sand  laden) , 
and  clear,  frequently  cool  nights.  Ideal  clothing  for  such  conditions  thus 
serves  during  the  day  as  protection  against  powerful  solar  radiation  and 
high  ambient  temperatures  with  a  minimum  resistance  to  evaporative 
cooling.  After  sunset,  the  same  clothing  acts  as  insulation  against  rapid 
cooling. 

The  hot  dry  clothing  zone  is  primarily  a  summer  seasonal  condition 
with  a  transition  to  lower  air  temperatures  in  winter,  especially  on  pole- 
ward  boundaries  of  the  zone  and  at  high  elevations.  Clothing  selected  for 
the  cooler  periods  of  the  year  in  dry  regions  must  still  protect  against  high 
radiant  temperatures  in  the  middle  of  the  day.  It  must  also  insulate  against 
low  air  temperatures,  convective  cooling  and  excessive  evaporation  when 
solar  heat  is  replaced  by  strong  outgoing  radiation. 

As  this  clothing  zone  is  typified  by  the  hot  desert  regions  of  the  world, 
most  of  it,  with  few  exceptions,  lies  between  latitudes  15  to  35  degrees 
north  or  the  same  latitudes  south  of  the  equator.  The  east  coast  of  most 
continents  at  these  latitudes  are  made  humid  by  trade  winds.  High  eleva¬ 
tions  are  considerably  cooler.  The  Sahara  Desert  and  Central  Australia 
are.  of  course,  the  largest  examples  of  the  hot  dry  climate  type.  In  the 
United  States,  the  desert  regions  of  southwestern  Arizona  ami  southeast¬ 
ern  California  are  also  typical.  Other  such  areas  include  Arabia,  the  Near 
East  south  of  Turkey,  the  Middle  East,  and  Northern  India.  In  addition 
to  the  Australian  desert,  the  Southern  Hemisphere  includes  the  Chilean 
(  oast  desert  and  the  Kalahari  Desert  of  South  Africa. 


E  N I  IRON  MEN  TA  L  CONDI  TIONS 

The  hot  dry  clothing  zone  differs  from  the  minimum  clothing  zone  in 
hat  air  temperatures  rise  above  body  temperatures,  causing  the  bodv  to 
«  heated  rather  than  cooled  by  air.  Dry  wind  combined  with  the  high 
temperatures  have  a  burning  desiccating  effect.  Radiation  duriim  the 
day  ime  is  intense  and  is  multiplied  by  reradiation  from  reflecting  hot 
sam  s,  rocks  and  drv  vegetation.  Normal  avenues  of  heat  loss  froin  the 
od.v  including  conduction,  convection  and  radiation,  are  not  onlv  com 
letely  clo.sed.  but  during  considerable  periods  of  the  dav  are  actiiallv 
■eversed,  adding  their  heat  to  the  metabolic  heat  of  the  bodv  This  leaves 

Such  night  cooling  is  so  intense  thatl'mirrej,, dL^a^^a^^r'r  mm^'S 
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clothing  for  the  inactive  or  sleeping  man.  This  applies  to  out-of-doors 
conditions.  Indoors,  however,  noctnrnal  cooling  is  less  effective,  since  roof 
shelter  interteres  with  radiant  cooling,  and  the  daytime  sweltering  heat 
may  jiersist  throughout  the  night. 

hrom  the  heat  flow  standpoint,  the  hot  dry  clothing  zone  lies  in  an 
area  where  the  ])ositive  heat  load  from  conduction,  convection  and  radia¬ 
tion  will  range  from  0  to  more  than  300  kg.  cal.  ])er  sip  meter  per  hour. 
This  means  that  the  total  heat  load  is  ecpiivalent  to  that  of  strenuous 
exercise.  Under  hot  trojiical  conditions  when  the  activity  of  an  individual 
is  greater  than  that  of  fast  walking,  the  body  will  enter  the  zone  of  heat 
stress  with  rising  internal  temperatures  unless  some  of  the  environmental 
heat  load  can  be  reduced  by  effective  insulating  clothing. 

The  specific  characteristics  of  those  regions  of  the  world  having  a  hot 
dry  climate  are  as  follows: 

Radiation.  Since  most  of  these  areas  fall  in  the  “horse  latitudes”  be¬ 
tween  20  and  30  degrees  north  or  20  and  30  degrees  south  of  the  equator, 
the  maximum  elevation  of  the  sun  will  range  from  approximately  45  to 
90  degrees  in  winter  and  summer  respectively.  The  reduced  elevation  of 
the  sun  in  winter  jiroduces  a  distinctly  cooler  season.  However,  unless  such 
periods  are  combined  with  moisture  or  cloud  cover,  the  days  will  remain 
very  hot  to  man.  Hecause  of  the  sparseness  of  vegetation  and  the  absence 
of  surface  moisture,  sand,  dust  and  rocks  reach  extremely  high  tempera¬ 
tures.  Unofficial  temperatures  as  high  as  185°  F.  and  even  higher  have 
been  claimed.  Surface  temperatures  of  200°  F.,  for  instance,  have  been 
reported  by  the  British  Army  in  North  Africa,  and  a  temperature  of  at 
least  the  boiling  point  of  water  has  been  observed  on  the  steel  rails  of  car 
tracks  in  Tucson,  Arizona,  in  the  American  Southwest.  Fortunately,  these 
extreme  temperatures  being  de])endent  on  intense  solar  radiation  are  of 
not  more  than  three  or  four  hours’  dur.ation.  ((  ontact  with  a  hot  dry 
object  becomes  uncomfortably  warm  around  120°  F.  and  jiainfully  hot  at 
about  145°  F.) 

The  lack  of  moisture  in  the  atmo.sphcre  means  that  little  of  the  sun  s 
radiant  heat  striking  man  is  screened  off.  Reflection  from  occasional 
clouds  causes  a  measurable  increase  in  tennierature.  Long  wave  radiation, 
as  well  as  reflective  short  wave  radiation  from  the  ground,  may  account 
for  as  much  as  200  kg.  cal.  per  sq.  meter  per  hour.  Under  these  conditions, 
almost  50  ])cr  cent  of  the  body  is  heated  by  solar  radiation,  nearly  100 


contra.st  to  davlight  hours,  nights  in  the  de.serts  are  often  cold.  Several 
blankets  mav  be  needed,  and  desert  .soldiers  have  found  that  by  spieading 
their  blankets  before  sundown  they  could  capture  the  heat  fiom  the 
m-oiind  and  slee])  more  warmlv  and  comfortably  at  night. 

Temperature.  As  iireviomsly  mentioned,  daytime  air  temperatiiies  ai 
aeneraUv  above  normal  body  temperature.  The  maximum  even-  reconkal 
officiallv  in  the  Tbiited  States  is  about  135°  F.  in  the  the  Gieen- 

land  ranch  in  Death  Valley.  It  has  been  reported  unofficially  by  trave  ers 
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that  the  maximum  air  temperatures  in  steep  walled  valleys  may  exceed 
150°  F.  Night  temperatures  will  vary  according  to  locality,  and  generally 
average  about  00  to  70°  F.  In  some  areas,  in  the  cooler  season  of  the  year, 
the  temperatures  may  drop  below  the  freezing  point.  Stated  more  specifi¬ 
cally,  the  potential  temperature  drop  will  be  deiiendent  to  a  large  extent 
upon  the  absolute  humidity  in  the  air,  and  in  theory  can  drop  to  the  dew 
point  temperature.  The  ground  is  heated  to  a  considerable  depth,  but 
usually  the  average  diurnal  temperature  for  the  season  is  reached  within 
one  or  two  feet  of  the  surface.  The  average  annual  tem])eratiire  is  reached 
at  depths  of  10  or  20  feet.  The  surface,  however,  varies  from  temperatures 
as  high  as  175°  F.  down  to  night  temperatures  as  low  as  freezing.  Such 
extremes  would  not  likely  be  found  in  any  one  place  or  season,  and  the 
average  diurnal  range  generally  would  not  exceed  100°  F. 

Wind.  Rapid  heating  of  the  desert  land  surface  following  sunrise  causes 
strong  convection  currents.  These  currents  are  not  so  spectacular  as  in 
the  moist  tropical  areas  because  the  air  is  often  so  dry  that  cumulus 
clouds  seldom  form.  The  rising  columns  of  warm  air  and  the  turbulent 
settling  of  cooler  air  gives  rise  to  strong  breezes  which,  in  the  late  after¬ 
noon,  customarily  reach  velocities  strong  enough  to  move  sand  and  dust. 
Average  wind  velocities  range  between  10  and  15  miles  per  hour  and 
frequently,  as  in  the  Iranian  desert  region,  may  average  as  much  as  20 
or  30  miles  per  hour.  Such  hot  winds  increase  man's  heat  load.  Evapora¬ 
tion  becomes  so  rapid  that  the  wind  offers  no  assistance  in  cooling,  and 
even  when  the  body  is  sweating  at  the  rate  of  1  liter  per  hour,  the  skin 
will  appear  dry.  As  a  consequence,  the  wind  has  a  burning  and  desiccating 
effect.  The  drying  is  so  intense  that  it  often  causes  the  splitting  of  hair 
and  the  cracking  of  fingernails,  not  to  mention  the  painful  burning  of 
lips  and  exposed  skin.  The  wind  also  transports  fine  dust  in  and  through 
the  clothing.  When  it  is  strong  enough  to  carry  sand,  it  may  produce  a 
cutting  and  painful  abrasion  of  the  eyes  and  bare  flesh.  By  contrast,  at 
night  the  strong  cooling  effect  of  radiation  produces  atmospheric  stabilitv 

and  temperature  inversion  at  the  surface,  the  characteristic  calm  “cool  of 
the  evening.” 

Humidity  The  horse  latitudes  in  which  this  clothing  zone  lies  are 
liasically  dry  because  of  the  global  circulation  of  atmosphere  which  brings 
descending  air  onto  these  regions.  Descending  air  is  heated  adiabaticallv 

consequently  reduced.  Although  in  the  Persian 
oAl  m^  conditions  ever  recorded  reached  a  vapor  pressure 

ot  34  mm.  Hg  on  one  occasion,  almost  halting  human  existence,  maximum 
iiniK  1  y  (  oes  not  generally  rise  above  a  vapor  pressure  of  20  mm  Hg  In 
the  driest  desert  regions  it  may  sink  to  below  1  mm.  Hg.  The  average 
desei  region,  ho^n  er,  has  vapor  pressure  ranging  from  10  to  15  mm  Hg 
rin  low  humidity  combined  with  air  movement  is  capable  of  rmnoviim 
e  inoistuie  as  last  as  the  body  can  sweat,  thus  leaving  the  skin  drv  T1  ^ 
evaporation  gradient  is  so  steen  tint  tlno  c  skin  di,\ .  The 

poles  stretching  across  certnin  t  ..  i  ^  to  note  that  telephone 

at  the  base,  indicating  ‘hat  U.e  poTe's  eouid'crilo  X'lw 
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tlie  ground  could  not.  Coudeiised  moisture  ruuiiiug  down  the  poles  waters 
the  earth  at  the  base  and  thereby  keeps  the  grass  alive. 

Precipitation.  Desert  regions  characteristically  have  no  precipitation, 
there  are  areas,  such  as  the  Chilean  desert,  in  which  rain  has  not  been 
recorded  even  once  within  the  history  of  man’s  occupation  of  the  area.  In 
some  of  these  regions  moisture  is  carried  across  the  desert  to  be  precipi¬ 
tated  on  the  slopes  of  the  Andes,  and  produces  streams  that  return  across 
the  desert  and  empty  into  the  ocean.  The  driest  deserts  in  the  world  are 
those  which  border  the  so-called  fog  coasts  where  cool  currents  of  water 
come  near  the  shore.  Occasionally,  as  in  our  own  dry  western  prairies  and 
deserts,  there  are  unpredictable  Hash  thunderstorms  of  great  intensity. 
Such  storms  are  usually  of  convectioual  origin  and  are  frequently  accom¬ 
panied  by  strong  winds.  The  run-off  of  this  water,  uninhibited  by  vegeta¬ 
tion  cover,  rapidly  gouges  the  deep  ravines  or  arroyos  and  wadis 
encountered  in  desert  regions. 


PRINCIPLES  AND  THEORIES 

In  summary,  it  is  worth  repeating  that  during  the  daylight  period  solar 
radiation  in  hot  dry  regions  is  capable  of  imposing  upon  the  body  an 
amount  of  heat  equivalent  to  the  metabolic  output  required  for  strenuous 
activity.  Even  when  sheltered  from  the  sun,  the  warm  air  conducts  heat 
into  the  body  rather  than  away  from  it.  Because  of  the  high  temperature, 
wind  increases  rather  than  decreases  the  body  heat  load;  thus,  the  removal 
of  heat  from  the  body  must  be  accomplished  entirely  by  the  evai)orative 
process.  Dry  desert  regions  have  such  low  humidity  that  even  when 
sweating  is  proceeding  at  maximum  rate,  its  water  content  may  be 
absorbed  into  the  atmosphere  at  the  same  rate,  thus  leaving  a  dry  skin.  It 
is  diffusion  alone  that  removes  the  available  moisture.  The  strong  wind 
does  not  increase  eva[)orative  cooling,  but,  as  previously  pointed  out, 

increases  conductive  heating.  i  i  i  • 

From  this  analysis,  it  is  apparent  that  for  daytime  iicriods  ideal  clothing 

must  serve  as  a  barrier  to  radiative  heat.  It  should  insulate  against  con¬ 
ductive  heat  and  should  control  air  movement  to  reduce  conductive  and 
convective  heat  gain.  At  the  same  time,  the  clothing  must  not  inhibit  the 
diffusion  or  vaporization  of  sweat,  and  should  provide,  when  necessary, 
ample  air  movement  to  increase  evaporation  when  diffusion  alone  is 

insufficient.  ,  .  ,  .  ,  . 

Vapor  pressure  i.i  tlie  dry  desert  regions  remains  ne.yly  constant  day 

and  niglit.  Thus,  under  nighttime  conditions  evaporative  cooling  is  n 
aiiiirechililv  altered.  Itadiation  from  the  sun  is,  ol  course,  e hniinatcd  and 
after  a  brief  [leriod  of  radiation  from  the  hot  terrain  and  the  clear  skies, 
the  temiieratiire  drops  well  below  body  temperature  I'his  opens  ■‘‘tdialive 
r  rl,-iiiiiek  snllicielit  of  themselves  to  remove  holly  heat  associated 
wiUi  low  activities.  In  many  desert  areas,  the 

sunset. 
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From  this  resume,  it  can  be  seen  that  with  reduced  activity,  common 
for  most  people  at  night,  the  danger  of  heat  stress  is  eliminated  and  the 
cooling  rate  may  be  so  increased  that  insulating  clothing  is  a  necessity. 
Such  insulating  clothing  requires  characteristics  that  minimize  outgoing 
radiation,  reduce  conductive  and  convective  heat  loss,  and  permit  normal 
evaporation  so  that  moisture  will  not  accumulate  in  the  clothing. 

When  we  consider  the  characteristics  for  both  night  and  day  jirotection, 
we  find  that  the  simple  principles  for  protecting  the  body  against  warm 
and  cool  temperatures  are  approximately  the  same.  A  single  layer  of  wool 
clothing  may  be  satisfactory.  Conventional  trousers  and  shirt  constricted 
at  the  waistline,  on  the  other  hand,  may  increase  resistance  to  vaporization 


of  sweat,  and  cause  an  accumulation  of  moisture  that  will  have  an  irritat¬ 
ing  effect  and  give  rise  to  skin  disturbances.  Most  native  desert  people 
have  adopted  a  fairly  thick  wool  or  mohair  robe  which  completely  covers 
the  arms  and  legs.  This  robe  is  generally  dark  in  color  and  is  worn  loosely. 
Upon  careful  examination  of  the  character  of  its  protection  we  find  that 
such  a  garment,  evolved  through  the  ages,  is  nearly  perfect  for  its  purpose. 
The  thickness  of  the  robe  insulates  against  warm  and  cold  air  tempera¬ 
tures,  reduces  the  effectiveness  of  strong  heating  winds,  and  its  looseness 
provides  an  air  space  which  is  cooled  by  evaporation  from  the  body  sur¬ 
face.  This  air  space  beneath  the  robe  is  a  body  air-conditioned  layer  in 
which  low  air  movement  is  created  by  unrestricted  convection  currents, 
and  a  turbulent  exchange  of  air  over  the  skin  is  produced  liy  walking  and 
other  movements  as  the  robe  sways  to  and  fro.  The  dark  color  of  the  robe 
is  probably  more  effective  for  keeping  the  radiant  temperatures  reduced 
than  a  translucent  white  one  would  be.  This  is  based  on  the  assumption 
that  the  opaque  dark  color  causes  absorption  of  radiation  at  the  surface. 
This  makes  the  surface  abnormally  hot  and  causes  the  dissemination  of 
the  heat  by  reradiation  to  the  sky  or  to  other  bodies  of  lower  temperature. 
If  the  robe  were  translucent,  some  of  the  short  waves  could  penetrate 
more  deeply  before  they  gave  up  their  energy.  This  would  bring  the  higher 
temperatures  into  the  interior  of  the  fabric  and,  therefore,  closer  to  the 
skin.  This  theory  bears  fiirtlier  investigation,  for  it  is  in  direct  opposition 
to  the  fact  that  liglit  colored  materials  reflect  a  considerable  portion  of  the 
heat  thrown  upon  them.  Light  colored  tents,  which  are  not  properly 
ventilated,  have  been  known  to  he  cooler  than  dark  colored  tents  of  the 
■same  construction  and  exposure.  The  foregoing  theory  may  hold  true  only 

for  .surfaces  which  are  wetted,  such  as  black  skin,  where  evaporative 
cooling  plays  an  important  part.  ^ 

If  it  were  not  for  the  fact  that  robes  or  togas  have  been  generally  dis 
carded  h.y  western  civilization,  except  for  ceremonial  indoor  iisave  a  robe 

cTo  r  app'-''!'  to  l>e  llie  best  answer  for  desert 

,ieL  t  *  fi'  '•'■'“sses  and  skirts  are  basically  more  suited  to 

I'ued.  B:  ^e  n  rep  Too:  "th  " 

nights'dm  n;:,,;ria:t,rg::;i?  ti:'::;'"*"";  r;-  ’'r 

inch.  Weighty  native  fabrics  could  doiiiTti^rl;:  b;,"r:d'b;:t;;!z.r; 
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of  loosely  knit  or  woven  and  brushed  material.  Further  eonsideration 
should  be  given  to  the  erosive  action  of  strong  winds  bearing  sand  and 
dust.  This  may  require  greater  density  on  the  surface.  It  is  worthy  of 
investigation  whether  tightly  woven  cotton  fabrics  with  loose  insulating 
material  beneath  it  might  not  be  an  imj)rovemcnt  over  native  robes.  The 
use  of  metal  foils  or  other  meshlike  radiating  surfaces  were  abandoned  for 
uniforms  used  in  desert  warfare  because  of  lack  of  good  camouflage  char¬ 
acteristics.  Another  difficulty  lies  in  providing  a  satisfactory  and  highly 
efficient  radiant  surface  that  i)ermits  uninhibited  vapor  transfer.  Loose 
or  even  densely  woven  cotton  fabrics  offer  little  resistance  to  the  diffusion 
of  vapor  when  there  is  a  steep  vapor  pressure  differential. 

The  author  carried  out  an  interesting  exi)erinient  at  Blythe,  California, 
in  late  July  and  August,  1943,  with  a  suit  of  chamois  skin.  When  soaked 
in  water,  the  suit  absorbed  approximately  a  liter  without  dripping,  d  he 
wet  suit  could  be  worn  as  a  single  outer  garment  or  beneath  a  conven¬ 
tional  Army  summer  sun-tan  uniform.  In  the  latter  case,  liccause  of  rapid 
evaporation  the  water  did  not  visibly  soak  through  to  the  outer  clothing. 
An  embarrassing  exception  to  this  case  was  when  the  suit  was  worn  indoors 
in  a  room  air-conditioned  by  the  evaporative  cooling  j)rocess  in  which 
humidity  is  markedly  increased.  This  slowed  down  the  rate  of  evapora¬ 
tion  with  the  result  that  the  clothing  worn  over  the  wet  inner  suit  was 
quickly  soaked.  Out-of-doors,  however,  the  experiment  was  a  distinct 
success  to  the  envy  of  the  wearer’s  companions.  It  was  found  by  re])catcd 
experiment  that  the  water  added  externally  to  the  suit  reduced  the  desire 
for  drinking  by  approximately  an  equivalent  quantity  during  the  period 
of  drying  out  the  suit  on  the  body,  or  for  one  to  two  hours.  The  hands  and 
face  were  notablv  freer  of  sweat  than  under  similar  periods  while  not 
wearing  the  suit. 'The  wearer  also  found  that  the  reduced  environmental 
stress  increased  his  physical  or  at  least  his  psychological  capacity  for 
work  for  he  worked  bv  choice  under  the  glare  of  the  sun  m  ambient 
temperatures  above  1 10°  F.  whereas  his  companions,  equally  conscientious, 
sat  sweating  in  the  shade  awaiting  a  cooler  period  of  the  day  to  join  him. 
It  was  concluded  from  this  experiment  that  external  applications  of  watei 
to  an  apiiropriately  designed  desert  suit  could  reduce  environmental  stress 

“1irsr:Arrol's®S“''te..peraturcs  of  the  groun,!.  eonsi.lerable 
„rot«tion  is  require,!  for  the  soles  of  feet.  The  use  of  eouvent.oual  wool 
socks  a^leath^r  boots  with  heavy  soles  greatly  h.lub.t  coohug  by  evap¬ 
oration  However,  it  is  essential  that  llie  conductive  heatnig  of  the  feet 
be  redilced  even  at  the  expense  of  preventing  the  feet  from  ■'■'■''"'i:  ' 

This  IS  a  reverse  jirocess  ot  ..’.b  p,  the  extremities, 

function  of  the  blood  stream,  la  «  ‘  .  j 

-n,e  use  of  sandals  provides  if  the  feet  are 

same  time  cools  the  nppei  snifacis.  .  •  i,,,  exposure  to  the  siin. 

sufficiently  protected  “''ll"''*  ’  i,,  (he  desert  become  too  hot  to 

Manv  times  objects  exposed  to  the  sun 
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touch  with  the  bare  hands.  Natives  do  not  have  a  serious  problem  mtiis 
respect  They  have  few  jiossessions,  and  the  heat  capacity  or  clothing 
such  as  wool  is  much  lower  than  that  of  metal  objects,  hence  can  be 
handled  without  discomfort.  Mechanics  who  are  forced  to  handle  hot 
pieces  of  metal  and  tools  require  a  protective  glove  for  efficient  operation, 
gloves  providing  insulation  on  the  palm  with  a  minimum  of  insulation  on 
the  back  of  the  hands. 

Among  the  natives  of  hot  desert  regions,  head  protection  consists  gen- 
erallv  of  a  turban  or  cloth  which  offers  insulation  and  reflection  ami  w  ill 
not  blow  off  in  high  winds.  The  tropical  pith  helmet,  with  characteristics 
described  on  page  334,  serves  satisfactorily  for  these  same  conditions. 
However,  because  of  the  frequent  high  winds  and  blowing  sands,  difficulty 


may  be  experienced,  especially  if  the  brim  is  too  large  and  resistant. 

When  cold  nights  are  exjierienced,  insulation  may  require  as  much  as 
two  or  three  blankets.  There  is  a  progressive  cooling  from  sundown  to 
sunrise.  For  this  reason  a  sleeping  bag  with  constant  insulation  value  is 
probably  less  desirable  than  more  easily  adjusted  blankets.  IMany  desert 
peoples  employ  heavy  cotton  or  wool  filled  comforters,  and  use  straw  or 
grass  filled  ticks  laid  on  the  ground.  They  have  found  that  where  they 
have  no  appreciable  amount  of  insulation  under  them,  they  can  spread 
their  bedding  while  the  ground  is  still  warm  and  use  the  accumulated 
ground  heat  to  advantage.  By  this  method  they  capture  the  ground  heat 
for  slow  dissipation  during  the  night.  As  noted  elsewhere,  desert  soldiers 
have  made  use  of  this  same  principle  in  night  bivouacs. 


THE  ONE  LAYER  CLOTHING  ZONE: 

SUBTROPICAL  OR  OPTIMUM  COMFORT  TYPE 

In  this  zone  a  single  layer  of  clothing  is  sufficient  to  prevent  excessive 
heat  loss.  Protection  is  required  for  the  trunk  region  alone,  and  only 
during  periods  of  low  activities.  Clothing  is  required  chiefly  to  lessen 
conductive  cooling  and  outgoing  radiation.  In  general,  protection  from 
high  air  movement  can  lie  provided  by  ordinary  textile  fabrics  of  suffi¬ 
cient  porosity.  The  hands  and  feet  automatically  adjust  within  the  safe 
limits  of  air  temperatures  and  do  not  require  special  cover.  At  high  activi¬ 
ties,  a  minimum  of  clothing  is  requireil.  At  low  activities  and  sleeping, 
additional  protection  may  be  required.  The  region  is  typified  by  such 
areas  as  North  Central  Europe  in  the  summertime,  Florida  in  winter, 
Canada  in  summer  and  most  of  the  United  States  in  spring  and  fall  This 

is  frequently  described  as  the  vacation  climate,  or  as  the  one  most’eom- 
tortable  for  the  active  man. 


LM  IHONMENTAL  CONDITIONS 

wiUi'in  'S  sufficient  falls 

Mli.n  he  zone  in  which  minimum  clothing  fails  to  maintain  comfortable 

cimal  equilibrium.  It  is  the  zone  in  which  the  torso  but  not  the  cx- 

f.so  p'  ‘  •  ^  around  for  long  periods  at 

<18  F.  requires  one  layer  of  clothing,  but  he  can  still,  by  increased  act  vit  v 

remain  comfortable  under  most  conditions  down  to  .50°  F.  At  50°  F.  h'i,s’ 
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extreiuities  begin  to  cool  to  the  {)oiiit  of  piiiii  as  the  body  attempts  to 
balance  itself  with  the  environment.  For  a  sleeping  man,  a  standard  layer 
ot  clothing  is  required  for  j)rolonged  exposure  at  77°  F.  For  a  marching 
man,  such  a  layer  will  snflice  lor  prolonged  exposure  in  a  temperature  of 
iijiproximately  38°  h.  Ihese  conditions  assume  light  air  movement,  less 
than  5  miles  per  hour,  hor  predictable  conditions,  the  mild  climate  zone 
shown  on  the  Quartermaster  Corps  climate  zone  maps  represents  this 
area  and  is  limited  to  average  daily  temperatures  between  50°  F.  and 
()8°  h.  From  the  military  staiulpoint,  and  to  a  large  extent  from  a  civilian 
standpoint,  at  temperatures  above  08°  F.  in  the  minimum  clothing  zone 
cottons  or  materials  like  it  are  most  suitable.  Below  08°  F.  wool  clothing 
over  light  cotton  undergarments  is  considered  most  desirable.  Wind  is 
still  a  desirable  element  for  cooling.  There  is  generally  little  attempt  to 
control  air  movement  through  the  clothes. 

For  most  people,  this  zone  is  considered  the  most  desirable  of  all  the 
climate  zones,  but  is  found  as  a  continuous  type  of  climate  in  only  a  few 
areas  of  the  world.  These  areas  are  above  5000  to  7000  feet,  in  tropical 
mountain  ranges,  and  are  tyiiified  by  such  j)laces  as  Quito,  jNIexico  City, 
and  Baguio  in  the  Philip])ine  Islands.  It  is  also  found  continuously  in 
limited  lo\v  coastal  areas  such  as  the  southern  coast  of  California,  the 
northern  tip  of  New  Zealand,  the  .southern  extremity  of  the  Chilean 
desert  region  and  some  middle  latitude  islands.  In  the  subtropical  areas, 
generally  lying  at  approximately  30  to  35  degrees  north  or  south  of  the 
equator,  this  climate  occurs  as  the  coolest  period  of  the  year  and  ranges 
from  one  to  six  months  in  duration.  In  the  j)olar  and  subpolar  regions, 
northward  or  southward  to  approximately  45  to  50  degrees  latitude,  it 
appears  as  the  warmest  season  of  the  year.  In  the  true  temperate  latitudes, 
as  in  most  of  the  United  States,  it  represents  a  transition  between  a  cold 
winter  and  a  warm  summer.  It  is  typical  of  our  delightful  spring  and  fall 
weather.  This  same  transition  is  found  in  Northern  China,  Japan,  Ar¬ 
gentina,  part  of  Australia  and  in  the  IVIediterranean  region  of  Europe  and 
North  Africa.  Some  of  the  outstanding  factors  in  this  region  are: 

Radiation.  In  the  dry  phase  of  this  zone,  when  the  atmosphere  is  clear, 
radiation  may  impose  a  positive  heat  load  of  about  100  kg.  cal.  per  sq. 
meter  ])er  hour.  In  the  tropical  mountain  areas,  this  radiation  intensity  is 
considerably  higher  due  to  clearer  atmosphere  and  the  high  elevation  of 
the  sun.  It  can  produce  considerable  sunburn  and  injury  to  the  eyes,  n 
the  middle  latitude  region,  the  elevation  of  the  sun  is  not  sufficient  to 
produce  a  maximum  radiation  effect.  At  higher  latitudes  where  this  type 
of  climate  is  the  warmest  experienced,  the  low  sun  is  above  the  horizon 
for  many  hours  a  day,  and  the  total  heating  effect  is  considerable.  In  the 
humid  regions  of  this  zone,  the  sky  is  often  overcast  and  cloudy.  This 
reduces  outgoing  radiation  and  makes  less  difference  between  night  and 

'^^^Tem^erSure.  Daytime  temperatures  of  this  climate  type  rise  to  a 
warm  level  and  often  to  body  temiieratiires  in  the  f ^ 
in  the  humid  regions  the  midday  temiieraturc  rarely  rises  ^ 

90°  F  At  night  in  humid  regions,  the  temperature  rarely  to  the 

frost  point  Id  can  generally  be  considered  to  average  between  40  and 
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50°  F.  In  the  dry  region,  where  the  dew  point  teinperatuie  is  veiy  low,  tlie 
temperature  may  sink  to  frost  levels  at  night.  In  these  dry  areas  the 
ground  temperature  rises  sharply  in  daytime.  On  bare  grount  i  o  en 
exeeeds  150°  and  requires  protection  for  bare  flesh.  At  night  it  may  sink 
below  freezing.  The  ground  temperatures  generally  remain  close  to  or  a 
little  below  the  air  temperatures,  hence  dew  will  be  precipitated  on  clear 
nights. 

Wind.  In  the  middle  and  high  latitudes  of  this  climate  type,  the  type 
of  wind  affecting  human  comfort  is  associated  with  cyclonic  disturbances 
in  which  the  air  blows  from  high  pressure  areas  of  cold  fronts  toward  low 
pressure  areas  of  warm  fronts.  The  greatest  wind  disturbances  appear 
upon  the  front  between  the  cold  and  warm  air  masses  and  are  generally 
accompanied  by  precipitation.  The  winds  generally  can  be  classified  as 
variable,  and  have  an  average  velocity  of  approximately  10  miles  per 
hour  with  occasional  storms  exceeding  35  miles  per  hour.  On  the  surface, 
where  the  ground  is  rugged  and  protected  by  vegetation  and  buildings, 
the  air  is  very  turbulent,  but  can  be  considered  to  have  an  effective  cooling 
velocity  of  about  5  miles  per  hour. 

Humidity.  In  the  humid  regions  of  this  climate,  tho  maximum  vapor 
pressures  will  range  between  9  and  17  mm.  Hg.  In  the  dry  areas,  they 
range  between  approximately  4  and  9  mm.  Hg.  Because  of  these  low  vapor 
pressures,  even  high  relative  humidities  are  not  oppressive,  although 
clothing  may  feel  damp  upon  first  dressing  and  may  dry  slowly.  Sweating 
induced  by  high  activities  find  easy  evaporation  by  normal  diffusion, 
even  in  the  absence  of  wind.  A  man  dressed  in  woolen  clothing  may  work 
quite  vigorously  without  danger  of  heat  stress. 

Precipitation.  Precipitation  in  the  humid  area  is  generally  of  three 
types:  cyclonic,  orographic  and  convectional.  The  principal  one  is 
cyclonic.  It  is  generally  more  gentle  than  the  other  two  types  and  may  last 
for  hours.  The  next  most  common  is  orographic,  where  the  winds  are 
forced  up  over  mountains,  leaving  the  windward  side  wet  and  cloud  cov¬ 
ered.  The  third,  common  in  some  areas  on  warm  days,  is  the  convectional. 
The  two  latter  types  may  occasionally  result  in  a  heavv  downpour 
exceeding  an  inch  an  hour. 


Pin  SIOLOGICAL  CONDITIONS 

Tins  climatic  clothing  zone  represents  weather  conditions  generallv 
considered  by  most  occidentals  as  very  nearly  ideal.  The  body  can  be 

led  heat  oi-  cold  stress  at  Ion- 

act  vities.  Moderately  heavy  exercise  can  be  carried  on  with  mininuiin 
dothing  without  excessive  perspiration,  or  at  least  with  rapid  evaporation 

Dhis  bs'^'''  itself  to  the  four  avenues  of  heat  loss 

p  us  Its  noiinal  vasomotor  eonservation  measures  that  it  is  well  able  to 
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and  foci  approach  to  within  8  or  10  degrees  of  air  teinperatnrc  and,  except 
at  the  lower  limit  of  the  zont%  are  still  eomfortahle  and  require  no  addi¬ 
tional  jH-otection.  At  low  activities,  however,  if  the  trunk  is  not  covered, 
convective  cooling  will  frequently  cause  shivering.  At  the  up])er  limit  of 
thi.s  zone,  doors  and  windows  are  generally  left  open  during  the  daytime, 
while  at  the  lower  limit  shelter  from  air  drafts  and  cm|)loymcnt  of  artificial 
heat  becomes  desirable. 


PlilNClPLKS  AXD  THEORIES 

From  what  has  been  jirevioiisly  outlined,  we  can  generalize  by  saying 
that  the  human  body  is  in  a  zone  in  which  there  is  virtually  no  danger  of 
heat  stress  under  conditions  of  minimum  clothing,  and  where  there  is  no 
drop  in  tem])eratures  low  enough  to  create  pain  in  the  extremities.  With 
the  aid  of  a  little  protection  over  the  trunk  the  body  is  able  to  handle  the 
dynamic  balancing  of  activity  and  climatic  variables.  Solar  radiation, 
particnlarly  in  the  dry  ])hase,  may  produce  a  high  heat  load,  but  the 
insulating  effect  of  the  clothing  keei)s  the  ((uantity  affecting  the  body 
well  in  hand. 

The  primary  functional  controls  of  clothing  in  this  zone  are:  (1)  con¬ 
ductive  insulation  l)y  immobilizing  air  in  a  fabric  layer;  (2)  decreased 
convective  heat  loss  l)y  reducing  the  effectiveness  of  the  air  currents  at 
the  body  surface;  (3)  high  radiation  intensities  which  may  be  reduced 
by  insulation,  but  not  so  com{)letely  as  to  nullify  the  advantages  of  a 
positive  radiant  heat  load  at  cool  temperatures;  and  (4)  the  clothing 
i)arrier  which  must  serve  as  a  control  and  prevent  excessively  fast  con¬ 
vective  evaporative  cooling,  and  at  the  same  time  offer  a  minimum 
resistance  to  the  diffusion  of  evajioration. 

The.se  factors  are  the  simplest  conditions  to  meet,  particularly  when  we 
consider  that  the  extremities  can  cool  comfortably  until  they  establish 
equilibrium.  Only  the  torso  requires  protection.  Almost  any  quantity  of 
clothing  used  that  is  not  too  porous  or  too  dense  will  satisfy  the  condition. 
In  view  of  the  fact  that  the  insulation  from  the  cooler  part  of  this  zone 
has  to  be  efficient,  wool  of  moderate  thickness  is  generally  considered  the 
most  desirable  material,  and  i)articularly  satisfies  customary  concepts  of 
a|)pearance.  A  wide  latitude  of  choices  is  available.  In  practice,  clothing 
in  this  zone  is  inclined  more  often  to  be  ornamental  or  fiishionable  than 
to  follow  any  .sound  scientific  ])rincii)lcs.  It  is  generally  in  areas  of  this 
climate  that  occidental  clothing  fa.shions  originated.  Pans  has  set  the 
styles  for  Europe  and  the  Americas  for  many  years.  It  is  doubtful  t'laftlit' 
French  po.s.scss  any  more  ingenuity  than  Americans  in  this  regard.  How¬ 
ever  it  is  significant  that  Paris  has  a  mild  humid  climate  for  nine  months 
of  the  vear,  that  is,  from  .siiring  through  summer  and  fall.  This  wonh 
tend  to  make  the  French  more  fashion  conscions.  In  the  eastern  I'nited 
States,  in  the  deii.sely  populated  areas,  the  ni.ld  climate  is  a  transition 
between  cold  and  warm  weather.  As  a  result,  the  winter  do  lung  has  to 
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wood  lies  in  a  zone  in  which  the  climate  is  mild  thronghont  twelve  months 
of  the  year.  This  makes  it  a  natural  locality  for  the  origin  of  trial  and 
error  fashion  designing  completely  devoid  of  scientific  clothing  principles. 
In  the  dry  jihase  of  this  zone,  clothing  principles  follow  closely  upon  those 
for  the  hot  dry  desert  type.  The  heat  stress  in  daytime  is  less  severe;  thus, 
higher  activity  is  possible.  At  nighttime,  because  of  the  strong  outgoing 
radiation,  warmer  clothing  is  required.  For  the  most  part,  a  triple-purpose 
insulating  layer  of  clothing  would  suffice.  At  one  time  it  could  reduce 
radiant  heat;  in  cooler  parts  of  the  day,  it  could  serve  as  conductive  and 
evaporative  protection.  It  would  also  reduce,  but  not  stop  entirely,  the 
effect  of  convective  cooling. 

In  the  humid  regions  of  this  climate  type,  precipitation  requires  more 
clothing  control  than  any  other  factor.  The  rain  usually  falls  at  a  tempera¬ 
ture  close  to  that  of  the  air  temperature  and,  therefore,  will  range  below 
08°  F.  Water  falling  intimately  into  the  clothing  absorbs  considerable 
heat.  The  warmer  water  with  its  increased  vapor  pressure  evaporates 
rapidly,  due  to  the  lower  vapor  pressure  of  the  atmosphere.  The  heat 
exchange  that  ensues  is  entirely  at  the  expense  of  the  body.  Thus,  it  is 
necessary  to  take  precautions  against  rain  and  prevent  it  from  soaking 
into  the  clothing.  In  the  humid  warm  areas,  wet  clothing  may  not  be  a 
disadvantage  even  though  it  may  be  esthetically  distasteful.  When  the 
body  approaches  a  state  of  cooling,  the  presence  of  water  on  or  near  the 
skin  may  produce  excessive  and  dangerous  heat  loss. 

The  simplest  solution  for  keeping  the  rain  out  of  the  clothing  in  this 
climatic  zone  is  to  use  a  thin  waterproof  layer.  This,  however,  creates  a 
problem  approaching  heat  stress.  In  the  first  place,  a  waterproof  raincoat 
adds  a  second  layer  of  thermal  insulation,  thereby  reducing  conductive 
cooling  to  a  level  that  is  insufficient  to  remove  body  heat.  Such  a  raincoat 
is  also  virtually  windproof  and  reduces  convective  heat  losses  of  either 


conduction  or  evaporation.  Finally,  it  offers  resistance  to  the  passage  of 
diffused  moisture  from  the  body  out  into  the  atmosphere  at  the  very  time 
vhen  the  body  is  approaching  heat  stress  and  is  beginning  to  sweat.  The 
common  result  of  wearing  a  raincoat  for  any  length  of  time  is  that  the 
individual  becomes  warm  and  uncomfortable.  He  sweats  so  much  that  his 
clothing  gets  damp.  At  this  point,  he  is  absolutely  convinced  his  raincoat 
leaks.  Many  thousands  of  dollars  have  been  spent  in  trying  to  improve 
raincoats.  A  fabric  has  been  sought  that  will  not  interfere  with  the 
removal  of  moisture  from  the  body,  but  at  the  same  time  will  prevent  rain 
rom  coming  m.  Investigations  have  elicited  many  ingenious  suggestions 
but  none  ot  them  has  proved  satisfactory  in  solving  the  problem.  If  an' 
.dca  raincoat  is  to  be  eventually  designed,  it  will  lie  as  a  result  of  more 
tundamental  scientific  nnderstandmg  than  has  been  thus  far  applied 
niprovements  111  fabrics  and  appropriate  aii,,lication  of  silica  aerogel 
.  \e  been  satisfactory  for  the  most  part  at  low  activities.  At  high  activitfes 
sue  1  clothing  produces  too  much  vapor  resistance  to  get  rid  of  the  evm 
oiative  moisture  as  fast  as  it  is  produced.  This  is  especially  true  whin 
eie  IS  loo  small  a  va|)or  pressure  gradient  across  the  fabric  to  permit 
laiiid  exchange,  particularly  when  the  exterior  is  cooled  to  tti!  l  •  ‘ 
of  the  atmosphere.  Kiitiire  research  and' develoiiinent  niii:t‘l;ml':;:,;i::;ii 
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cither  to  bypass  body  vapors  through  exits  which  have  a  minimum  of 
piessure  resistance,  or  a  way  must  l)e  found  to  produce  a  moisture  trap. 
In  the  latter  case,  water  will  condense  at  the  low  vapor  pressure  ])oints 
in  the  clothing  and  will  be  drained  off  before  it  can  soak  back  into  the 
intermediate  clothing.  Of  course  where  it  is  acceptable,  and  where  the 
hands  are  not  otherwise  occu{)ied,  an  obvious  solution  is  to  use  an 
umbrella. 

Footgear,  handgear  and  headgear  in  this  zone  normally  need  no  special 
attention.  In  the  dry  regions,  the  head  and  eyes  may  need  protection  from 
the  sun.  In  the  humid  regions,  where  the  weather  is  neither  hot  nor  cool, 
the  head  can  establish  thermal  e(piilibriuni  with  the  environment  without 
discomfort.  Except  where  it  is  required  for  rain  {irotection,  headgear  can 
either  be  eliminated  or  used  for  other  specific  protection  or  for  simple 
ornamentation.  Only  at  the  very  coolest  limits  of  this  climate  zone  will 
the  use  of  any  headgear  j)rove  necessary  for  keeping  the  hands  warm.  In 
the  same  way,  footgear  in  this  zone  is  designed  primarily  for  style,  fit  and 
utilitv,  but  not  for  warmth. 

THE  TWO  LAYER  (  LOTHING  ZONE: 

TEMPERATE  COOL  WINTER  TYPE 

In  this  region  the  inactive  man  requires  coverage  generally  equivalent 
to  a  half  inch  layer  in  order  to  assure  complete  and  prolonged  protection. 
This  must  include  protection  for  the  hands  and  feet.  At  a  low  activity 
level,  the  inadequately  clothed  body  can  become  painfully  cold.  At  high 
activity,  however,  especially  when  j)rotected  from  air  mov'ement,  the 
body  may  require  only  a  minimum  of  clothing,  except  when  in  contact 

with  objects  of  high  thermal  cai)acity. 

This  region  is  frequently  humid  with  occasional  wet  snowfalls.  Its 
climatic  characteristics  are  those  of  the  winters  of  ^\estern  Europe,  of 
the  Southeastern  United  States  between  the  Gulf  Coast  and  the  Ohio 
River,  of  the  Northwest  Pacific  Coast,  and  of  the  Aleutians. 


ESV I liOyME?^  TA  L  CON DI T I ONS 

The  primary  environmental  characteristic  of  the  two  layer  clothing 
zone  is  the  increased  rate  at  which  tlie  atinospliere  alisorbs  heat  from  the 
Innnan  l.o<ly.  Tlie  rate  is  generally  so  rapid  that  an  insnthcienUy  clothed 
man  cannot  maintain  comfortable  thermal  eqnilibrinm  with  the  environ¬ 
ment.  Prolonged  cxiiosnre  at  low  activities  will  cause  a  painful  or  dan¬ 
gerous  cooling  of  the  extremities.  Danger  from  freezing,  however,  is  not 
an  important  problem,  although  prolonged  exposure  in  this  zone  may 
cause  damage  to  the  extremities  in  the  form  ol  chapping,  chilblains  o 

“  Wll'en’dressed  with  the  two  layers  of  clothing 

zone,  one  is  provided  with  the  «pnvalcnt  ol 

of  insulation  distributed  effectively  over  the  body.  1'“" 

inactive  man,  standing  around,  from  prolongeil 

as  low  as  a0»  P.  A  sleeping  man  -ffnire  additu  nal  bed 

Sir  u  :-ie::;m;;:s.^:.eii  bemw 

freezing. 
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On  the  Quartermaster’s  climatic  zone  maps,  this  zone  is  characterized 
as  cool  and  is  further  subdivided  into  dry,  humid  and  wet  phases.  In  only 
a  few  isolated  cases  does  this  weather  persist  throughout  the  year.  These 
are  primarily  in  oceanic  islands,  or  on  the  westward  shores  of  oceans  at 
latitudes  around  50  to  60  degrees  north  or  south  where  constant  winds 
of  high  velocities  blow  across  fairly  cool  expanses  of  ocean.  The  wind 
carries  with  it  an  abundance  of  moisture  producing  a  wet  zone  in  these 
loeations.  Examples  of  such  areas  are  the  islands  just  west  of  the  Straits 
of  Magellan,  and  the  Macquarie  and  Kerguelen  Islands  in  the  southern 
hemisphere,  and  the  Aleutians  and  Jan  Mayen  in  the  northern  hemisphere. 
Snow,  when  encountered,  is  almost  invariably  of  the  soft  wet  type.  Snow¬ 
falls  do  not  remain  long  or  accumulate.  This  climate  type  exists  also  at 
the  equator  throughout  the  year  near  the  snowline  of  the  highest  mountain 
peaks. 

In  the  polar  regions,  this  climate  type  is  characteristically  the  warmest 
phase  of  the  year,  particularly  for  coastal  Antarctica,  the  Arctic  Ocean 
area,  and  most  of  Greenland.  In  the  fringe  between  the  subtropical  and 
temperate  areas,  it  represents  the  coolest  period  of  the  year.  In  the 
southern  portion  of  the  United  States,  it  persists  for  nearly  three  months, 
being  humid  in  the  southeastern  portion  between  the  Ohio  River  and  the 
Gulf  Coast,  and  as  far  west  as  the  IMississippi,  West  of  this  region,  in  a 
similar  latitude,  the  dry  phase  is  found  except  on  the  West  Coast,  where 
it  again  becomes  humid  to  wet. 

In  Europe  this  climate  in  its  humid  phase  represents  the  coolest  part 
of  the  year  for  most  of  the  British  Isles,  northwest  Scandinavia  and  the 
Mediterranean.  It  is  also  found  in  large  areas  in  central  South  China, 
Japan,  southern  Australia,  Tasmania,  New  Zealand,  and  the  southern 
portion  of  South  America  in  the  region  of  Patagonia  and  Terra  del  Fuego. 
In  midcontinental  areas  of  the  Northern  Hemisphere,  such  as  the  northern 
interior  of  Asia,  North  America  and  Eastern  Europe,  this  climate  type 
represents  a  transition  between  warmer  summers  and  colder  winters. 

The  general  environmental  characteristics  of  this  region  are  as  follows: 

Radiation.  Maximum  solar  elevation  is  often  less  than  45  degrees.  The 
necessity  of  wearing  elothing  for  protection  from  wind  and  low  tempera¬ 
tures  also  insulates  against  effective  heating  of  the  bodv  by  solar  radiation 
nhen  activity  permits  reduction  in  clothing  protection,  however,  heat 
from  solar  radiation  becomes  effective.  On  clear  davs,  reflections  from 
snow  or  water  may  increase  glare  sufficiently  to  cause  injurv  to  eves 

Temperature.  Average  daily  temperatures  range  between  32  and  30°  F 
Daytime  temperatures,  especially  when  the  snn  is  high,  mav  become 
almost  warm  in  dry  areas,  reaching  an  average  daily  maximum'  temnera- 
ture  between  .50  and  68°  F.  Such  regions,  however,  are  under  cvcion  c 
control,  therefore  fluctuations  between  the  passage  of  warm  and  cold  ah- 
masses  are  more  sigu.fieaut  than  diurnal  variations.  This  mean  tha  low 
^peratiires,  evm,  below  freezing,  may  persist  for  a  few  .la"  at  a  til," 
followed  bv  eonsiderablv  warmer  periods.  Ground  temperatures  in  the 
humid  and  wet  areas,  follow  closely  the  wet  bulb  temprraT,  -e  On  eal 
days  in  the  dry  areas,  considerable  variation  can  be  0X0  hi  ^  I  iem 
peratiires,  being  very  warm  in  the  daytime  and  frosty  af  nig 
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^yind.  In  tlie  areas  where  this  climate  persists  for  any  length  of  time, 
typical  westerly  trade  winds  often  blow  continnoiisly  at  high  velocities. 

1  hcse  winds,  well  known  to  mariners,  are  called  the  “roaring  forties”  and 
the  “shrieking  sixties,”  for  they  blow  steadily  and  often  reach  storm  or 
hurricane  proportions.  In  the  continental  areas  the  winds  are  more 
cyclonic  in  type  and  are  dejiendent  upon  the  passage  of  fronts  between 
low'  and  high  pressure  air  masses.  These  latter  w'inds  are  also  stormy  in 
character  but  are  more  variable.  The  persistent  low  pressure  areas  near 
Iceland  and  the  Aleutians  are  famed  for  their  frequent  storms.  From  the 
human  standpoint,  in  the  cool  areas,  jirotection  from  the  w'ind  becomes 
an  essential  factor  in  the  design  of  clothing.  Therefore,  outer  fabrics  w'hich 
are  windproof,  water  repellent,  and  in  which  siiecial  closures  i)revent  exces¬ 
sive  cooling  at  garment  junctions,  are  most  desirable.  As  discussed  else¬ 
where,  the  closures  require  easy  oiiening,  since  with  tw'o  layers  of  clothing 
which  will  provide  suitable  insulation  for  an  inactive  man,  ventilation 
will  be  necessary  to  prevent  undesirable  sweating  njion  increase  of  activity. 

Humidity.  The  maximum  absolute  humidity  or  vapor  pressure  to  be 
expected  will  range  bctw'een  4  and  9  mm.  Ilg  in  the  humid  and  w'et  areas. 
In  the  dry  areas,  the  range  will  generally  be  less  than  half  this  value. 
From  a  physiological  standpoint,  even  at  100  per  cent  relative  humidity, 
the  vapor  pressure  gradient  between  warm  moist  skin  and  the  atmosphere 
is  so  steep  that  evaporation  may  be  equivalent  to  the  rate  found  in  the 
driest  desert  regions.  Any  moisture  accnmulation  in  clothing  from  p- 
terior  or  interior  sources  w'ill  cause  marked  cooling.  At  high  rclati^e 
humidities,  the  body  .seems  to  react  more  intensely  to  chill  in  this  type  of 
weather  than  when  the  temperatures  are  much  lower  and  still  drier.  This 
is  more  fully  discussed  elsewhere  in  this  book. 

Precipitation.  Precipitation  in  this  cool  climate  zone  is  likewise  pii- 
marily  cyclonic  in  nature,  characterized-by  long  periods  of  steady,  though 
relatively  light  rain,  often  ajiiiearing  as  drizzle  or  mist.  In  regions  where 
the  steadily  blow'ing  westerlies  reach  high  coastlands,  the  rain  is  heavier 
than  the  orographic  type,  and  in  such  localities  as  the  .Vleiitians,  Southern 
Ala.ska,  British  Columbia,  the  coastal  ranges  of  Washington,  Oregon  and 
northern  California,  the  southwest  coast  of  Chile,  Iceland,  and  the  west 
coast  of  Ireland,  Scotland,  Norway  and  Western  Japan  the  ram  is  per¬ 
sistent  Davs  mav  become  almost  constantly  rainy  or  foggy  month  on 
end  Where  cvclonic  fluctuation  in  temperature  is  a  controlling  factor, 
the  rain  may  change  to  snow.  Characteristically,  m  calm  weather,  snow 
falls  in  large  conglomerate  wet  flakes  which  may  (legenerate  into  sleet 
or  graiipel.  In  clear  weather,  where  outgoing  radiation  is  intense,  pie- 
cii.itation  mav  l.c  in  the  form  of  frost.  ,\.lvcotion  foRs  ami  sea  togs  are  so 
common  that  tliev  are  nearl.v  a  daily  occurrence  in  these  areas  Such  tci^ 
precipitate  consideral.lc  moisture  and  in  eohler  weather  produce  In  ai 
rost  Water  often  becomes  a  serious  problem  because  it  caimo  lie  avoided 
pmdicida^  under  foot.  Utmost  ingeiinity  is  thus  ree,nired  to  provide 

clothing  protection. 

VII }'.S' lOLOOICA L  COSDITIOSS 
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fortable  thermal  equilibrium.  When  moisture  is  iiresent,  evaporation  is 
rapid.  Air  currents  sharply  increase  conductive  and  evaporative  cooling. 
The  warming  effect  of  solar  radiation  is  lost,  to  some  extent,  by  the  insulat¬ 
ing  effect  of  the  clothing,  and  at  low  activity  levels  vasoconstriction  occurs 
and  the  skin  temperatures  of  the  extremities  cool  to  the  danger  point  of 
55  or  00°  F.  If  the  cooling  is  rapid,  pain  may  be  intense,  calling  for  vigorous 
muscular  activity.  If  the  cooling  is  gradual,  however,  and  particularly  if 
the  temperature  gradient  between  extremities  and  air  is  not  marked,  there 
will  not  be  sufficient  pain  stimulus  to  warn  the  body  of  approaching 
dangers  such  as  chilblains  and  trench  foot.  In  the  European  Theater 
during  World  War  II,  approximately  50,000  cases  of  trench  foot  resulted 
largely  from  the  failure  of  ample  sensory  warning  that  the  temperature 
of  the  extremities  had  descended  below  the  danger  point.  There  were,  of 
course,  many  other  contributing  factors  such  as  the  system  of  fighting, 
long  exposure  with  inadequate  body  clothing,  and  inadequate  foot  pro- 
teetion  against  moisture  from  within  and  without.  Similar  conditions  had 
occurred  in  Northern  France  in  World  War  I,  and  again  with  our  forces 
at  Attn,  and  during  the  winter  campaign  in  Italy  in  1943-1944.  The  main¬ 
tenance  of  adequate  warmth  to  the  torso  would  have  prevented  a  large 
proportion  of  the  trench  foot  cases.  However,  attention  was  focused  so 
sharply  on  the  discomforts  in  the  feet  that  the  more  important  chilling 
of  the  whole  body  was  overlooked. 


PRINCIPLES  AND  THEORIES 

In  recapitulation  of  the  preceding  discussion,  we  find  that  the  ideal 
clothing  for  this  climate  type  must  insidate  against  conductive  heat  loss, 
must  reduce  the  effectiveness  of  air  movement,  must  capture  solar  radia¬ 
tion  rather  than  shield  against  it,  and  must  permit  the  passage  of  insensible 
perspiration  in  the  vapor  state.  Thus,  such  clothing  should  be  constructed 
to  keep  out  external  wetting,  and  to  eliminate  or  prevent  delayed  cooling 
from  accumulated  body  moisture.  The  jiresence  of  moisture  in  clothing 
heated  by  the  body  may  cause  sudden  and  violent  evaporative  cooling 
to  the  point  of  danger. 

In  this  climate  zone,  certain  fundamental  principles  of  keeping  warm 
even  in  extreme  eold  must  be  kept  in  mind.  Although  this  climate  cannot 
be  eonsidered  arctic,  and  seldom  causes  freezing  of  maiTs  tissue,  trench 
foot  and  chilblains  because  of  their  subtle  attack  may  be  even ’greater 
hazards,  and  account  for  many  more  casualties  than  freezing.  In  general, 
an  average  of  two  to  three  layers  of  clothing  efficientlv  distributed  over 
^e  body  will  give  amide  protection  for  prolonged  periods  of  inactivitv. 
^  insulation  at  the  average  temperature  range,  between  32 

and  50  F.,  remains  very  effieient  at  higher  metabolic  rates,  and  the  same 

Tl  ■'  "’‘'"'"'”"*5  Sives  protection  clown  to  many  degrees 
wlow  0  F.  This,  however,  creates  a  serious  prohlem.  If  a  man  is  dressed 
omfoitahly  for  inactivity,  lie  becomes  uncomfortably  warm  as  soon  as 
e  increases  Ins  activit.v  The  body  is  responding  to  the  environment  iinme- 

I  ft  Ln"""’?  "  "  violent 

shift  fiom  cold  conditions  to  a  warm  condition  comparable  to  that  dis 

r  '"  the  section  on  the  humid  tropics.  The  simplest  Linthnfis  tii 
cmove  clothing  as  one  increases  activity,  or  to  have  the  clothing  so 
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designed  as  to  be  capable  of  rapid  and  efficient  ventilation.  In  short,  an 
e  ort  must  be  made  to  make  the  clothing  thoroughly  adaptable  to  changes 
HI  activity.  Ihe  body  will  not  overheat  apjireciably,  where  conductive 
and  convective  cooling  can  helj)  dissipate  increased  metabolic  heat.  Our 
aim  in  the  construction  of  clothing  should  therefore  be  toward  automatic 
legiilation  of  the  desired  degree  of  conductive  and  convective  heat 
exchange. 

Laboratory  studies  have  shown  that  insulation  is  jirimarily  a  question 
of  thickness  rather  than  weight.  ^laterials  from  which  clothing  is  generally 
made  vary  only  slightly  in  their  thermal  capacity  and  conductivity  when 
they  are  produced  in  bibrics  of  comparable  thickness  and  density.  The 
most  perfect  insulation,  based  on  flexibility  and  minimum  weight,  consists 
of  small  laminations  of  dead  air.  ^\’hen  air  layers  are  controlled,  they 
approach  their  o])timnm  insulation  efficiency  at  a  thickness  of  one-quarter 
inch.  (Ireater  widths  of  dead  air  sjiace  decrease  their  insulation  value  due 
to  the  development  of  small  convective  currents  caused  by  air  rising  on 
the  warm  side  of  the  air  cell  and  settling  along  the  cold  side  of  the  cell. 
This  forms  a  circular  motion  which  rapidly  increases  the  rate  of  heat 
exchange  between  the  two  walls.  Baffles  or  loose  fibrous  inclusions  tend 
to  inhibit  these  air  currents.  The  most  perfect  natural  insulation  is  ex¬ 
hibited  by  the  delicate  down  found  on  birds.  The  eider  duck  produces 
such  down  in  sufficient  quantities  that  it  can  be  collected  commercially 
as  almost  ideal  insulating  material.  Because  the  small  fibers  interfere  with 
radiation,  as  well  as  with  convectional  air  currents,  a  dead  air  cell,  loosely 
filled  with  this  down,  improves  the  insulation  over  dead  air  itself. 

From  the  foregoing,  it  is  easy  to  understand  the  basic  principles  under¬ 
lying  the  Army’s  widely  publicized  “layer  principle”  of  clothing.  This 
layer  principle,  in  brief,  is  a  lamination  of  thin  or  loosely  woven  materials 
separated  by  layers  of  dead  air.  The  interjection  of  a  thin  wool  shirt  into 
an  air  space  one-half  inch  wide  will  double  the  insulation  value  by  creating 
two  dead  air  layers.  The  shirt  material  itself  will  in  reality  account  for 
less  than  one-sixth  of  its  ajiparent  insulation  value.  Ihe  real  insulation  is 
not  in  the  material  itself,  but  in  the  immobilized  air  on  either  side  of  it. 
Alaximum  insulation  is  obtained  only  when  the  elothing  is  worn  loosely 
and  compression  avoided.  The  dead  air  layers,  so  essential  to  the  efficiency 
of  the  clothing,  can  easily  be  destroyed  if  the  fabric  layers  are  pressed 

tightly  together.  x  i 

Wool  fibers,  due  to  their  kinky  structure,  form  a  better  control  over 

convection  currents  than  most  otlier  clothing  materials,  ■\\ool  fibers  also 
retain  their  strength  even  when  moist  and,  therefore,  resist  compression. 
This  is  not  true  of  cotton.  From  this  we  can  iimlcrstand  that  iindci  dr.\ 
conditions  cotton  ma.v  be  just  as  warm  as  wool  lint  under  moist  com  i- 
tions  a  fleecy  cotton  material  loses  its  strength,  becomes  t  unnel  and 
conseqnentlv  loses  its  insulation  value.  There  are  mmimcral.  e  combina¬ 
tions  of  inslilating  materials  which  nia.v  be  ii.sed  : 

Kvers  However,  as  far  as  heat  flow  is  eoncerued,  all  of  these  Iliac  ver 
nearlv  the  same  insulation  values.  Their  values  can  easily  l>r;'^timated 
of  vLious  devices  giving  total  insulation  which  will  agree  .ith 
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metabolic  insulation  values  derived  in  laboratories. 
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A  method  for  the  rapid  estimation  ot  insulation  values  was  developed 
by  the  author  and  his  associates  in  the  Quartermaster  Corj)S,  and  has  been 
described  by  Cochran.*  As  insulating  layers  are  built  up  on  the  body, 
they  lose  efficiency  in  accordance  with  the  law  of  diminishing  returns. 
Insulating  layers  on  most  of  the  body  are  cylindrical  in  form.  As  the 
insulation  thickness  increases,  the  surface  area  increases,  and  the  surface 
loses  heat  more  rapidly  than  the  added  thickness  can  insulate  it.  On  small 
cylinders,  such  as  fingers,  the  optimum  insulation  point  is  reached  at  a 
thickness  of  aj)i)roxiniately  one-quarter  inch,  but  the  trunk,  being  a  much 
larger  cylinder,  is  still  getting  a  high  percentage  of  insulation  value  even 
when  increased  to  as  much  as  5  or  0  inches.  Limits  of  effective  insulation 
on  the  head,  hands  and  feet  are  reached  much  more  quiekly  than  on  the 
torso.  Therefore,  in  designing  insulation  of  minimum  weight,  greater 
benefit  will  be  derived  by  placing  thick  insulation  on  the  trunk  and  mod¬ 
erate  insulation  on  the  extremities.  The  average  person  who  feels  his  feet 
getting  cold,  first  assumes  that  the  simplest  correction  is  thicker  and 
warmer  footgear.  This  is  often  not  true.  The  addition  of  thicker  footgear 
above  the  optimum  will  cause  no  appreciable  improvement  in  insulation, 
whereas  additional  insulation  placed  on  the  trunk  may  warm  the  feet 
without  further  change  of  footgear.  The  excess  accumulation  of  heat  in 
the  torso  causes  a  cooling  requirement  which  is  achieved  by  shunting  the 
excessively  warm  blood  to  the  extremities  and,  as  a  consequence,  the 
extremities  act  as  radiators  and  are  kept  warm. 

As  previously  stated,  for  low  activities  the  insulation  required  to  hold 
conductive  cooling  in  check  is  equivalent  to  one-half  inch.  This  will  nor¬ 
mally  be  increased  to  three-fourths  inch  or  more,  over  the  trunk,  and  will 
be  reduced  to  approximately  one-fourth  inch  over  the  extremiti4.  Where 
the  feet  must  be  protected  from  water,  insulation  at  that  point  may  be 
increased  to  its  optimum  thickness  value  ranging  from  three-fourths  inch 
to  over  an  inch.  These  clothing  layers  can  be  most  efficiently  formed  by 
loosely  knitted  and  loosely  fitted  layers  of  wool  one-eighth  to  one-fourth 
inch  111  thickness.  Over  the  trunk,  two  or  three  such  lavers  with  equivalent 
thickness  of  the  dead  air  layers  will  suffice. 

Although  loosely  constructed  fabrics  appear  to  provide  the  most  effi¬ 
cient  insulation  for  their  weight,  it  must  still  be  realized  that  air  currents 
lOiether  set  up  by  body  movement  or  by  external  wind,  may  destroy  much 
of  the  do  hmg  s  msulat, on  value.  Dead  air  cannot  form,  but  is  constantlv 
being  replaced  bv  cooler  air.  Positive  baffles  which  prevent  the  dead  air 
from  being  displaced  must  be  provided,  especially  on  the  exterior-  and  to 
prevent  extensive  surging,  similar  baffles  ma.y'be  required  Sntte 
garments  themselves^  The  most  efficient  material  commonly  employed  for 
this  purpose  is  long  fibered  cotton  of  Grenfell  or  Byrd  cloth  or  ofnonlii. 
construction.  Such  baffles  should  be  as  thin  as  durability  will  allow  and 
the  fabiie  must  be  very  tightly  woven  up  to  the  limit  at  which  it  begins 
to  offer  increased  resistance  to  necessary  diffusion  of  vapor  4n  oifter 
gm-ment  of  such  wiiidproof  material  should  provide  complete  covering 
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tlie  torso,  arms  and  legs.  As  previously  stated,  too  efficient  insulation  may 
piove  to  be  a  detriment  with  increased  activity.  It  is  necessary,  therefore, 
to  make  some  provision  for  easy  removal  of  this  wind  resistant  outer  shell 
in  order  that  convective  cooling  can  be  utilized  when  the  body  shifts  over 
to  a  state  of  excess  heat  production. 

hor  all  degrees  of  activity,  there  is  an  ideal  requirement  for  ventilation. 
An  experienced  man  ex|)osed  to  cold  has  learned  the  method  for  con¬ 
trolling  his  clothing  ventilation.  He  first  removes  his  handgear,  next  his 
headgear,  then  the  protection  around  his  neck;  after  this  he  will  begin  to 
open  his  jacket  closures  at  the  waist  and  sleeves,  and,  if  he  is  still  unable  to 
prevent  sweating,  he  will  remove,  layer  by  layer,  his  outer  garments.  The 
Army’s  cold  weather  clothing  provides  for  this  procedure  remarkably 
well.  However,  because  of  the  functional  construction  of  each  of  the  layers, 
the  outer  shell  must  often  be  retained  and  the  inner  insulating  garments 
removed.  This  is  admittedly  both  awkward  and  irksome,  hence  is  fre- 
(|uently  disregarded  in  the  field.  Unfortunately,  undergarments  are  not 
alwavs  constructed  to  be  removed  easilv  or  to  be  used  conveniently  as 
outer  garments. 

Moisture  from  both  external  and  internal  sources  has  a  tendency  to 
accumulate  in  the  dry  insulating  layers  of  a  clothing  assembly,  and  is  one 
of  the  most  difficult  of  all  problems  to  solve.  As  explained  on  page  ()()(),  a 
raincoat  which  keejis  out  external  water  presents  an  ideal  condition  for 
accumulation  of  internal  moisture.  With  clothing  designed  to  facilitate 
removal  of  body  vapor  by  diffusion,  there  is  no  longer  a  check  against  the 
entrance  of  external  moisture.  As  temperatures  become  cooler,  windproof 
and  waterproof  covering  can  be  worn  for  longer  periods  of  time  without 
discomfort.  At  such  temperatures  they  may  be  more  efficiently  designed 
with  jiositive  closures,  such  as  employed  in  the  Army  and  Navy  rain  suits, 
consisting  of  a  hooded  parka  and  trouser  combination.  Nevertheless,  when 
body  exertion  becomes  sufficiently  great,  sweating  will  take  ])lace,  c\en 
though  such  a  suit  is  worn  over  a  single  layer  of  insulating  material.  Evap¬ 
oration  of  this  sweat,  or  complete  removal  of  the  moisture  from  the 
clothing,  is  virtually  impossible.  In  a  short  jieriod  of  time,  the  inner  insu¬ 
lating  garments  become  soggy  and  uncomfortable.  Ihiderneath  the  rain¬ 
proof  laver  this  moisture  serves  as  a  strong  cooling  mechanism  with  a 
closed  system  of  evaporative  heat  transfer.  Moisture  from  the  body,  under 
high  vapor  pressure  (40  or  more  mm.  Hg),  moves  toward  the  cold  im¬ 
permeable  wall  where  the  condensation  vapor  pressure  is  much  lower  (.5 
to  10  mm.  Hg) .  This  vapor  can  pass  through  the  insulating  layers  at  the 
diffusion  rate  without  serious  resistance,  but  when  it  reaches  t lie  imperme¬ 
able  wall  the  vapor  pressure  reaches  a  dew  point  and  condensation  take 
place  Gradually  the  entire  space  within  the  clothing  la\  ers  reaches 
per  cent  relative  humidity.  The  fibers  absorb  their  ful 

'  .  ,  •  1  tlie  inner  surface  ot  the  imjieiuHaoie 
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Tlie  expanded  molecule  moves  down  the  pressure  gradient  once  more  to 
condense  and  give  up  its  heat  at  the  inner  surface  of  the  raincoat.  Ihis 
circulatory  process  of  evaporation  aceounts  for  the  extreme  cooling  of 
damp  garments  when  worn  under  a  raincoat.  It  is  contrary  to  the  popular 
belief  that  the  presence  of  moisture  in  the  clothing  appreciably  increases 
thermal  conductivity.  When  the  clothing  is  saturated  with  external  mois¬ 
ture,  and  no  impermeable  outer  layer  is  present,  the  molecules  of  water 
vapor  can  generally  escape  into  the  atmosphere.  With  the  added  influence 
of  air  movement,  this  ])rocess  can  be  speeded  up  to  alarming  proportions. 
In  eool  weather,  every  mother  knows  the  disastrous  health  effect  if  she 
allows  her  child  to  play  outdoors  while  wearing  damp  clothing.  In  the 
same  light,  anyone  who  has  had  the  misfortune  of  falling  into  a  stream, 
or  has  become  drenched  with  rain,  fully  realizes  the  intense  cold  of 
eva[)orating  clothing  in  cold  weather. 

Thousands  of  dollars  have  been  spent  by  industry  and  the  Armed 
Services  in  an  attempt  to  develop  an  ideal  material  which  offers  resistance 
to  water  from  without  and  at  the  same  time  will  permit  diffusion  of  body 
vapors  from  within.  This  research  has  not  been  without  some  measure  of 
success.  The  difficulty  lies  in  producing  any  tightly  woven  material  that 
will  withstand  the  penetration  pressure  of  the  falling  raindrops  without 
seriously  increasing  vapor  ])ressure  resistance.  This  can  probably  be 
accomplished  more  easily  in  a  thicker  fabric  than  in  a  thin  one.  The  reason 
that  a  thermal  and  vapor  j)ressure  differential  must  be  established  on 
the  opposite  sides  of  the  fabric  is  to  assure  vapor  transmission  of  moisture 
without  causing  condensation.  Experimentation  with  silica  aerogel,  the 
hydrophobic  type  bound  by  latex  rubber,  performs  this  feat  successfully 
as  long  as  the  accumulation  of  moisture  from  within  is  of  low  order.  Rain 


])rotection  can  thus  be  provided  for  individuals  who  are  sitting  or  at  other 
low  activity  levels  and  still  permit  escape  of  insensible  perspiration.  High 
activity,  however,  causes  perspiration  to  increase  in  cpiantity  until  ex¬ 
tensive  sweating  takes  place,  and  as  a  result,  diffusion  of  this  moisture  is 
unable  to  progress  rapidly  enough  to  carry  it  away  as  fast  as  it  is  accumu¬ 
lated.  The  vapor  pressure  gradient  a])proaches  an  asvmptote  at  the 
external  fabric  layer  when  its  outer  surface  is  cooled  bv  external  water  to 
the  dew  point,  and  further  diffusion  is  impossible. 

It  appears  that  the  raincoat  problem  should  be  attacked  along  new 
lines,  that  is,  elimination  of  moisture  from  the  insulation.  This  could  be 
accomplished  by  a  garment  in  which  both  the  outer  and  inner  surfaces  of 
the  in.sulation  were  positively  sealed  by  impermeable  layers.  This  garment 
could  be  a  vc.st  worn  beneath  a  conventional  raincoat.' Not  being  wetted 
either  externa  ly  or  internally,  the  inner  garment  wonlil  maintain  con- 
timions  insniation.  The  lioily  would  keep  the  inner  waterproof  layer  at  a 
higher  temperature  than  the  external  la.ver,  therel.v  ineroaaimr  ihe  dew 
point  teinperatnre  and  Ihe  condensation  jiressiire,  and  at  Ihe  same  time 
owering  the  rate  of  perspiration  loss.  For  Ihe  sake  of  comfort  this  inner 
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vest,  should  he  introduced  between  tlic  skin  and  the  inner  waterproof 
layer  to  hold  the  latter  away  from  the  skin  and  to  prevent  the  heavy 
perspiration  from  leaving  the  skin.  At  the  same  time,  the  Brynje  vest 
will  jirovide  a  series  of  channels  that,  with  each  movement  of  the  body, 
will  encourage  jiroduction  of  air  currents.  The  air  currents  will  hasten  the 
evaporation  of  sweat  from  the  skin,  and  by  use  of  strategically  located 
rain  shielded  vents,  this  moisture  could  escape  to  the  outer  atmosphere 
without  condensation.  This  is  possible  because  such  moisture  is  at  a  higher 
vapor  pressure  than  that  of  the  cold  outer  environment,  and  escapes  out¬ 
ward  in  a  by-])ass  system  under  its  own  pressure.  Undoubtedly  some 
moisture  will  condense  on  the  inner  surface  of  such  an  inner  waterproof 
layer.  If  water  accumulation  is  inevitable,  additional  provision  may  be 
made  for  drainage. 

The  system  just  described,  employing  two  waterproof  or  vapor  i)roof 
barriers,  was  jointly  conceived  by  the  author  and  II,  C.  Bazett,  in  1944,  in 
a  study  on  trench  foot.  In  v  iew  of  the  fact  that  trench  foot  is  a  serious 
problem  in  this  zone,  it  may  be  appropriate  to  discuss  one  of  the  control 
factors  which  were  discovered.  In  waterproof  footgear,  moisture  from  the 
feet  soon  makes  the  socks  and  inside  of  the  boot  wet.  In  cold  environments. 


much  of  this  moisture  is  due  simply  to  insensible  perspiration,  rather  than 
to  sweating  as  ])opularly  conceiv'ed.  Sweating  liberates  liquid  water  at  the 
skin  surface.  This  in  turn  soaks  directly  into  the  sock,  whereas  moisture 
in  the  form  of  insensible  persjiiration  leaves  the  skin  surface  as  a  v’apor. 
Under  cold  conditions,  if  reasonable  body  ventilation  {iractices  are  fol¬ 
lowed,  almost  all  of  the  moisture  accumulation  in  winter  footgear  will  be 
the  residt  of  insensible  pcrs])iration.  Hence  it  is  possible  to  control  the 
accumulation  of  this  moisture  by  vaimr  barriers,  maintained  by  the  body 
at  higher  temperatures  than  that  of  the  outside  air. 

Experiments  carried  on  in  Newfoundland  in  the  month  of  March  with 
a  group  of  French  Canadian  soldiers  showed  that  when  the  following 
footgear  combination  was  used,  the  total  accumulation  of  moisture  over 
a  T)eriod  of  twelve  to  twenty-four  hours  could  be  rediictxl  by  approxi¬ 
mately  80  per  cent:  (a)  a  thin  wool  sock  next  to  the  foot  for  tacti  e 
comfort  (b)  a  thin  rubber  sock,  (c)  thick  insulating  socks,  and  ((  ) 
waterproof  outer  footgear.  The  most  extensive  test  at  this  time  was  a 
mile  road  march  during  a  period  of  thirty-six  hours  without  removal  o 
the  footgear.  The  temperature  was  33°  F.  with  light  freezing  mist,  and 
the  ground  was  covered  with  mud  and  slush.  Each  man  wore  a  rubber  sock 
on  one  foot  At  the  end  of  the  experiment,  careful  examma  ion  shovN  ed  that 
although  maceration  and  blisters  appeared  on 

were  not  accustomed  to  such  strenuous  hikes,  no  deleterious  effects  conic 
TJrn.ed  to  the  use  of  the  rubber  sock  itself.  Furthermore,  the  medical 
officers  were  of  the  opinion  that  the  accumulation  of  moisture  in  t  ie 
s:SUibinatiLns  was 

relatively  low  activity  levels  and  at  ,|,e  Meilieal 
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seven  days  again  showed  decided  lowering  of  moisture  accumulation 
through  use  of  the  inner  rubber  barrier.  Such  a  device  does  not  greatly 
improve  foot  temperatures,  but  the  naval  experiment  was  primarily  de¬ 
signed  to  determine  whether  encasing  the  feet  in  rubber  would  increase 
the  hazard  of  athlete’s  foot,  hence  both  infected  and  noninfected  subjects 
were  used.  The  report  was  encouragingly  negative.  In  February  and 
March,  1945,  the  author  again  carried  out  a  thirty  day  trial  of  the  double- 
liarrier  system  in  western  Europe.  lie  wore  an  all  rubber  shoejiac,  a  pair 
of  ski  socks,  a  tailored  rubber  sock  on  one  foot  and  a  pair  of  cushioned 
sole  socks  next  to  his  feet.  He  demonstrated  the  difference  in  moisture 
accumulation  on  numerous  occasions.  At  no  time  was  he  able  to  dry  out 
the  socks,  insole  or  interior  of  the  conventionally  worn  boot,  whereas  the 
daily  moisture  accumulation  of  the  boot  with  the  rubber  sock  was  easily 
dried  out,  often  in  as  short  a  time  as  twenty  minutes’  exposure  to  air, 
particularly  if  the  inner  sock  which  contained  the  moisture  was  left  on  the 
warm  foot  for  a  little  while  after  removal  of  the  outer  footgear. 

A  combination  of  four  layers  of  footgear  is  admittedly  cumbersome  and 
complicated;  but  so  far,  manufacturing  problems  have  made  it  difficult 


to  work  out  a  more  obvious  solution  which  would  be  to  make  a  waterproof 
boot  with  a  waterproof  lining  encompassing  built-in  insulation.  This 
would  reduce  the  hazard  of  moisture  accumulation,  and  would  require  the 
use  of  a  single  thin  sock  which  could  be  dried  readily  or  exchanged 
routinely  for  a  dry  pair. 

The  double  barrier  system  has  also  been  employed,  experimentally,  in 
making  a  sleeping  bag  which  can  be  used  in  a  mud-filled  foxhole  or  in  a 
rainstorm.  It  provides  protection  and  adequate  comfort  for  a  man  with 
wet  clothing  without  requiring  that  the  bag  be  dried  out  the  following 
day.  It  IS  encouraging  to  note  that  by  controlling  evaporative  loss  the 
added  insulation  offsets  the  added  weight  involved  and  the  bulk  of  the 
bag  is  decreased  over  a  more  conventional  type.  A  sleeper  in  one  of  these 
bags,  even  m  relatively  cold  weather,  has  a  sensation  of  sleeping  under 
,um,d  tropica  conditions.  The  small  amount  of  moisture  that  accumu¬ 
lates  in  the  clothing  overnight  can  be  driven  off  rapidly,  and  is  not 
noticeable  after  the  wearer  becomes  active.  During  sleeping  hours  the 
body  IS  11,  Its  greatest  state  of  heat  conservation  and  lowest  rate  of  heat 
production.  Arresting  heat  loss  due  to  evaporation  saves  this  loss  until 

o  “""'g  morning,  or  at  a  time  when  the  man  is  well  rested  Thus  with 

higher  activity  he  can  afford  to  expend  some  of  his  ene  gy  a,  d  exces 
heat  111  drying  his  clothing.  Failure  to  arrest  this  Lrxot  i  excess 

Mm  unable  to  afford  this^necessai  v  amolint ‘“r 
period  when  he  needed  restful  sleep  he  would  be  cold  and  unclrfortable 
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skin  and  air.  Gloves  are  satisfaetnVv  ratine  gradient  between 

would  mittens.  After  considerable  researeh  17,670,?' 
gear  for  this  climate  tvpe  which  is  more  sitisfact  li 
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removed  for  maximum  cooling  of  the  hands,  or  the  shell  alone  can  be  used, 
ottering  approximately  50  per  cent  iiroteetion.  The  liner  is  not  capable  of 
standing  much  wear,  so  that  ottieially  soldiers  are  diseonraged  from  wear¬ 
ing  them  without  the  protective  covers.  In  field  practice,  however,  the 
wool  liners  themselves  are  frequently  such  a  eomfortable  solution  to  heat 
conservation  that  they  are  often  worn  alone. 

It  has  been  pointed  out  that  when  the  body  goes  into  a  state  of  cooling, 
the  peripheral  blood  is  shunted  away  from  the  hands  and  feet.  The  head, 
however,  reacts  in  a  different  manner.  Here  the  blood  is  sent  to  it  in 
increasing  quantities  as  the  thermal  gradient  increases.  In  the  zone  under 
discussion,  the  face  may  occasionally  become  uncomfortably  cool  but 
rarely  unbearably  cold.  Exposure  to  cold  wind  usually  brings  about  ttush- 
ing  of  the  skin,  evidence  of  the  increased  blood  flow.  IMost  people  suffer 
relatively  little  discomfort  on  permitting  either  the  face  or  the  entire 
head  to  be  exposed  to  low  temperature.  These  same  individuals  are  prone 
to  comment  “my  hands  and  feet  get  cold,  but  my  face  doesn  t.  dliey 
proceed  to  look  longingly  for  warmer  footgear  and  handgear,  and  never 
consider  better  protection  for  the  head,  face  or  neck.  In  reality,  if  they 
understood  the  physiology  of  their  body  better  they  would  soon  realize 
that  exposure  of  the  head  accounted  for  a  large  percentage  of  their  body 
heat  loss.  Blood  circulation  keeps  the  face  and  scalp  warm  but  provides 
for  a  thermal  gradient  as  steep  as  iiossible.  It  is  like  a  hole  m  a  bucket. 
The  heat  from  the  entire  body  is  flowing  raihdly  out  of  the  face  and  head 
and,  therefore,  it  may  be  more  truth  than  jest  to  point  out  that  if  such 
a  bareheaded  person  would  put  on  his  hat  he  could  keep  his  feet  warm. 
In  other  words,  when  the  head  and  face  are  given  protection  even  though 
comfort  does  not  seem  to  demand  it,  more  heat  will  be  retiuned  m  le 
body  and  by  necessity  warm  blood  will  be  forced  to  the  extremities  to 
keep  them  warm.  Actually,  it  is  sometimes  difficult  to  cover  the  head  aiu 
face  conveniently  without  interfering  with  hearing,  seeing,  brcaUiing 
smellhig  or  talking.  Two  thirds  of  the  head  can  be  covered  convpnen  1 
bv  1  cai)  and  muttler  or  bv  a  knitted  wool  helmet,  leaving  only  the  vita 
aLL:;’;;:: no:::l;.th  ami  eyes  exposed,  ^uch  devices  nmst^j^.^ 
with  adequate  ventilation  for  active  men  or  the  face  ^Mll  become  o 

In  summary  the  protect.^ 

1.;  iSTnot  difUmilt,  but  to  mai^am  ^  r^mres 
consideniblc  training.  ."le  outside  tnnpera- 

rap.clly  l>econ,cs  ^  npproach- 

<\utoni<iticnllv ,  Hip  bciiins  to  swcjit  bt 

provide  for  proper  ventilat.o,,  when  l  e  >  ,|isreRar.l- 

b-erlooke,l  as  being  ins.g.nficant,  bnt  ' 

ing  such  sweating  may  be  very  sciioiis  <  '  _  ,  jj  j  j  j  ti,e  Quartermaster 

the  Arnry  e  d  in  are  several  cardinal 

::id'^'harLe’n  IsS  d.  word  COId>:  C  is  .o  ren,n,d 
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the  man  to  keep  his  clothing  clean  so  that  it  will  not  cling,  inat  down  or 
become  greasy  and  destroy  insulation;  ()  is  to  remind  t  le  ac  lye  man  o 
open  his  clothing  before  he  becomes  overheated,  for  he  should  alwa>s 
ventilate  or  take  off  garments  to  match  heat  production  with  heat  dissiiia- 
tion  so  as  to  avoid  the  necessity  of  sweating;  L  is  for  wearing  the  clothing 
loosely  and  in  layers;  and  D  is  to  remind  the  man  to  keep  his  clothing  dry. 
To  this  simple  code,  the  advice  is  added  to  increase  body  heat  by  increas¬ 
ing  activity  whenever  the  hands  and  feet  become  cold. 

In  the  case  of  foxhole  soldiers  and  others  in  cramped  quarters,  it  is  not 


always  possible  to  work  or  to  run  around  to  get  warm.  In  such  situations, 
the  best  alternative  is  the  “foxhole  exercise,”  which  consists  of  a  dynamic 
tensing  of  successive  groups  of  the  entire  skeletal  musculature  without 
the  necessity  of  any  visible  movement  of  the  body.  The  exercise  is  simply 
the  simultaneous  contraction  of  opposing  muscles  in  systematic  order 
from  jaws  to  neck,  shoulders,  arms,  fists,  back,  hips,  buttocks,  thighs, 
calves  and  toes.  These  contractions  can  be  conveniently  accomplished 
whether  standing,  sitting  or  prone,  and  no  joint  need  actually  be  moved. 
Each  contraction  should  be  held  rigidly  for  a  few  seconds  then  relaxed, 
and  the  entire  exercise  repeated  several  times.  Hands  and  feet  ])reviously 
cold  will  generally  warm  up  within  a  few  minutes  and  the  exercise  may 
not  be  required  again  for  another  hour  or  so. 


THE  THREE  LAYER  CLOTHING  ZONE: 

TEMPERATE  COLD  WINTER  TYPE 

This  climatic  clothing  region  differs  from  the  cool  temperate  type  by  a 
further  decrease  in  temperature.  The  three  layers  of  clothing  required 
here  are  approximately  equivalent  to  a  three-fourths  inch  layer  of  insula¬ 
tion  effectively  distributed  over  the  whole  body.  Flesh  exposed  for  long 
periods  is  subject  to  freezing,  and  the  extremities  are  liable  to  the  rapid 
development  of  trench  foot  or  chilblains.  In  this  region  snow  and  ice  are 
prevalent,  but  melting  conditions  are  frequent  in  warmer  periods.  Solar 
radiation  on  clear  days  and  on  lightly  overcast  days,  especially  on  snow- 
fields,  may  be  so  intense  as  to  be  harmful  to  the  eyes.  Wind,  although 
variable,  is  a  large  factor  in  the  loss  of  body  heat.  Hence,  in  this  region 
clothing  design  requires  features  not  only  providing  closures  but  also 
ample  opportunity  for  ventilation.  At  high  activity  level,  clothing  can  be 
reduced  to  one  layer  with  comfort.  While  sitting  or  sleeping,  however, 
additional  protection  is  required.  Control  of  moisture  accumulation  in  the 
clothing  becomes  of  paramount  importance. 

1  \pical  of  this  climatic  zone  is  the  winter  period  in  north  central  Europe 
and  most  of  the  northeastern  United  States  north  of  the  Ohio  River  The 
zone  also  mchK^s  much  of  the  l.igh  mountain  country  of  wester,,  ul.ited 
States  and  of  Chma  and  Japan,  Except  at  vei-y  liigl,  altitudes,  it  is  virtu- 
all.v  absent  in  South  .America,  Africa,  Australia  and  New  Zealand  It 
represents  the  summer  mouths  of  a  large  part  of  the  Arctic  aud  Antarctic 


K^’VntOXMF.NTAL  CONDITIONS 

ih^M  '  "f  *,>>f  Northwest  which 

e  North  Central  states,  including  Minnesot.a,  the  Dal 


warmer,  and  of 
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regions  which  are  cohlcr,  the  average  winter  conditions  in  the  northern 
a  oi  the  United  States,  as  stated  above,  are  characteristic  of  this  zone. 

1  he  eastern  portion  of  the  zone  is  humid  to  wet,  but  in  the  west  it  is 
c  laiacteristically  dry  with  less  tlian  2  inches  of  precipitation  per  month. 

(  nly  in  icecap  regions  such  as  Greenland  and  Antarctica  does  this  zone 
repiesent  the  warmest  season  of  the  year  wdiere  average  temjieratures 
langc  betw'een  14  and  32°  F.  As  the  coldest  season,  it  forms  a  band  around 
the  northern  hemisphere  pushed  northw’ard  by  wuirm  ocean  currents  so 
that  it  reaches  the  latitudes  of  the  Aleutian  Islands  and  Iceland,  ])assing 
through  north  central  Europe  into  Russia.  Here  continental  cooling  and 
high  elevations  bring  the  band  southward  to  the  Himalayas.  It  includes 
Northern  China  and  Japan,  and  the  maritime  provinces  of  Canada  and 
Newfoundland  in  winter.  Areas  lying  north  of  this  belt  experience  this 
climate  type  usually  for  only  a  month  or  so  in  late  fall  and  early  spring. 

Because  of  cold  fronts,  this  belt  of  cold  weather  is  variable  in  wudth  and 
location  from  day  to  day.  In  North  America,  for  example,  it  may  extend 
southward  to  the  Gulf  Coast  or  retreat  high  into  Canada.  On  its  southern 
limits  w’here  the  sun’s  elevation  is  highest,  diurnal  variations  are  more 
pronounced  than  to  the  north  wdiere  cold  and  w^arm  air  masses  seem  to 
govern  temperature  fluctuations  on  a  more  random  basis. 

Radiation.  In  areas  of  snow  cover,  solar  radiation  may  have  a  pro¬ 
nounced  warming  effect  on  clear  calm  days.  It  can  be  sufficiently  strong 
to  permit  extensive  reduction  of  clothing,  and  frequently  causes  sunburn, 
tanning  and  eye  injury.  The  maximum  solar  elevation  is  often  very  low’ 
and  the  period  of  daylight  may  be  reduced  to  a  few’  hours  in  wdnter.  By 
contrast  where  this  w’eather  is  the  w’armest  season,  as  in  the  polar  regions, 
it  is  associated  wdth  continuous  daylight.  The  sun  circles  the  horizon 
tw^enty-foiir  hours  a  day,  and  at  noon  can  reach  its  maximum  altitude  of 
over  40  degrees. 

Cloudiness  w’hen  spread  over  bare  land  and  w’ater  decreases  solar  light 
intensity.  Over  a  snow’  surface,  however,  this  is  not  necessarily  true.  Light 
can  be  trapped  by  multiple  reflection  betw’een  a  cloud  layer  and  the  snow- 
layer  and  build  up  an  intensity  comparable  to  that  obtained  by  a  con- 
dmiser.  Although  this  phenomenon  is  still  not  thoroughly  checked  by 
scientific  observation,  a  theory  by  the  author  follow’s. 

A  white  cloud  surface  wdll  reflect,  let  us  say,  80  per  cent  of  the  solar 
light  it  receives.  Dependent  on  the  thickness  of  the  cloud,  somew-hat  less 
than  20  per  cent  of  the  light  is  transmitted.  This  transmitted  light,  regard- 
le.ss  of  intensity,  strikes  a  snow  surface  w’hich  absorbs  5  or  10  per  cent  ami 
reflects  ahout  90  per  cent  back  to  the  cloud.  The  w’hite  undersur  ace  o 
the  cloud  now  absorbs  or  transmits  20  per  cent  of  the  returned  light  and 


mi'sirand  refl^^^^^  paths  are  most  complex  as  thev  pass  from  one 
water  droplet  or  ice  crystal  to  another  through  the  cloud,  and  as  the\  arc 
reflected  bv  the  mvriads  of  ice  mirrors  tilted  in  all  directions  in  the  snow 
surface  The  result  is  that  the  light  is  diffused,  and  under  a  thin  layer  of 
clourone  finds  oneself  in  a  white  shadowless  light.  The.se  are  the  milk 
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white  days”  of  tlie  polar  world,  and  can  he  most  confusing.  Light  absorbing 
objects  apjiear  as  though  susjiended  in  mid-air.  Distant  dark  objects  such 
as  a  mountain  peak  may  look  close  at  hand,  while  a  feather  or  fleck  of 
dirt  on  the  snow  a  few  feet  away  may  give  the  illusion  of  a  distant  object. 
The  horizon  disappears,  and  irregularities  in  the  immediate  snow  surface 
are  invisible.  Protection  of  the  eyes  against  snow  glare  on  such  days  is 
essential.  Dark  glasses  are  required  on  both  clear  and  cloudy  days  when¬ 
ever  the  sun  is  appreciably  above  the  horizon.  Sunburn  of  the  face  and 
chapping  of  lips,  even  on  cloudy  days  at  subtreezing  temperatures,  can 
be  severe.  The  diffused  light  burns  the  exposed  parts  quite  uniformly,  and 
can  even  reach  unsuspected  spots  such  as  beneath  the  chin. 

In  brilliant  sunlight  black  bulb  temperature  readings  in  subfreezing  air 
tcmjieratures  have  been  measured  in  excess  of  120°  F.  This  is  sufficient 
in  calm  weather  to  cause  dark  objects  to  melt  into  snow  surfaces,  and  to 
cause  snow  on  footgear  and  clothing  to  melt  and  create  objectionable 
moisture.  Calm  sunny  days  in  the  polar  regions  are  most  pleasant.  One 
can  strip  naked,  except  for  those  portions  of  the  body  in  contact  with 
snow,  and  take  a  leisurely  sun  bath.  On  long  ski  trips  across  snow  fields 
and  high  mountain  areas  of  this  climate  type,  one  can  get  along  with  a 
minimum  of  clothing.  Members  of  sledge  parties  on  long  trips  at  tempera¬ 
tures  continuously  between  0  and  32°  F.  wear  only  medium  thick  wool 
underwear  covered  by  a  single  cotton  windproof  layer.  The  head  is  gen¬ 
erally  bare  and  the  hands  intermittently  covered.  Footgear,  however,  is 
of  optimum  protection.  On  clear  sunny  days,  one  often  strips  to  the  waist 
and  skis  along  wearing  only  underdrawers  and  dark  glasses  hours  at  a  time. 

Although  thin  cloudy  days  can  be  intense  with  diffused  light,  the  sensory 
heating  effect  is  not  pronounced  even  though  it  may  cause  sunburn.  A 
single  break  in  the  clouds  or  the  nearby  presence  of  dark  objects  are  a 
gieat  relief  to  the  eyes  on  such  days.  It  is  almost  as  though  these  condi¬ 
tions  caused  a  leak  in  the  “light  trap  condenser”  and  bled  off  much  of 
the  objectionable  intensity.  When  cloud  layers  are  multiple  or  very  thick, 
the  trapped  light  effect  is  less  noticeable.  The  effect  is  most  striking  when 
there  is  a  single  uniform,  low  lying,  relatively  thin  layer  of  stratus  clouds 
so  typical  over  snowfield  areas.  Light  meter  readings  of  the  underside  of 
a  cloud  canopy  over  water  show  an  intensitv  of  one  fifth  or  less  of  that 
measured  over  a  contiguous  snowfield  area.  This  contrast,  of  course  is 
the  basis  of  polar  “water  sky”  and  “ice  blink.”  Outgoing  radiation  into 
an  a  most  moisture-free  atmosphere,  when  the  sun  is  below  the  horizon 
quickly  causes  a  sharp  drop  in  temperature  and  creates  a  stable  air  con¬ 
dition  with  a  striking  temperature  inversion. 

Tv  defined  as  ranging  between  14  and 

freoimntW  wiiT  1  ^  the  weather  in  many  cyclonic  areas 

frequently  will  send  the  temperature  well  above  or  below  this  tvpe  zone 

Areas  lying  normally  within  the  zone  may  frequentlv  experience  subzero 
eniperatures,  an<l  „eor<Is  in  the  drier  phase  of  ,l.ir."ne  in 

iidcontments  have  been  recorded  beloAv  —40°  F.  The  same  areas  mav 
have  tcmiieratures  as  high  as  40  or  50°  F.  In  general,  however  the  varia 
ions  of  any  area  he  vvithin  one  clothing  climate  zone  higher  or  lower  Thiis 
for  any  g.ven  area  of  the  world  within  this  zone,  clothing  co.SaTIrs 
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must  inclmle  preparation  for  conditions  as  described  for  the  temperate 
cool  winter  and  tlie  subarctic  winter  types,  as  well  as  those  noted  here. 

Jaiwest  temperatures  generally  occur  in  company  with  the  calm  con¬ 
ditions  of  an  anticyclone  with  clear  skies,  strong  temperature  inversions 
and  occasional  light  advection  fogs  and  haze.  By  contrast,  warmer  teni- 
peiature  phases  usually  are  associated  with  stormy  and  tnrlinlent  weather 
tyjiical  of  cyclonic  conditions,  with  generally  overcast  skies. 

Surtace  temperatures  lag  beliind  the  rapid  changes  in  air  temperature, 
hen  the  surface  is  colder  than  the  air,  advection  fogs  are  common. 
When  the  ground  is  warmer  than  the  air,  unstable  conditions  arise  and  if 
moisture  is  available,  fogs  and  low  stratus  clouds  form.  These  are  almost 
continuously  jiresent  over  unfrozen  high  latitude  water  bodies. 

Wind.  As  temperature  decreases  wind  becomes  an  increasing  liability 
to  the  human  being.  Convectional  heat  loss  is  greatly  accelerated.  The 
author,  taking  up  ])revious  work  on  the  cooling  j)ower  of  air  in  motion, 
thought  of  the  catchy  term  wirul-cliill,  and  with  associates  in  the  Ant¬ 
arctic,  devised  an  index*  to  show  the  rate  of  cooling  of  a  heated  body 
exposed  to  the  wind.  For  each  degree  centigrade,  difference  in  tempera¬ 
ture  aj)proximately  10  kg.  cal.  j)er  s(}.  meter  {)er  hour  can  be  transferred 
under  wind  velocities  less  than  a  mite  per  hour.  By  comparison,  as  the 


wind  velocity  increases,  the  rate  increases  ajiproxiniately  as  follows: 

Wind  Velocity, 
ni.]).h. 

.Approximate  dry  cooling  values  in 
kg.  cal.  per  1°  per  square  meter 

per  hour  in  the  shade 

(cilin  . 

t’nder  1 

10 

2  to  3 

20 

. 

!) 

25 

20 

30 

45 

35 



Even  though  the.se  values  are  not  prcci.sely  apidicable  to  the  cooling 
rate  of  the  body,  they  are  of  the  approximate  order  of  magnitude.  The 
rate  of  cooling  for  the  body  cannot  be  calculated  with  i)recision  because 
of  variations  in  body  shai)e,  jmsition,  size,  texture,  cover  and  other  factors, 
therefore  any  index  will  be  only  an  approximation.  The  Wmd-chill  Index 
is  based  on  the  rate  at  which  the  naked  body  would  cool.  This  is  altered 
considerably  when  most  of  the  body  is  clothed.  The  feeling  of  cold  liy 
the  exposed'  liands  or  face  does,  however,  check  the  index  fairly  well 

A,sun.i„K  a  con.fortal.lc  skin  tcn.pcratnrc  of  .•W°  C.  («IA»  K.)  the 
coolins  rate  for  a  wind  of  !l  miles  per  honr  at  C.  («8»  K.)  would  he: 

(33  -  20)  X  25  =  325  kg.  cal./.sq.  in./hr. 

I!v  contrast,  ,at  (1°  R,  with  tlie  same  wind  comlilions  the  coolms  rate 
wonhl  increase  lo  l«0,  ami  at  -40''  the  rate  would  he 

•Siple.  Paul  A.,  au.l  Passel,  Ch.;.rlcs  R:  hry 

.KTaturra.  Proceedings  of  tl.e  f  7"™"  ' '’71';“^^^  Soo.  IMK-I 

complete  discassioii  of  wind-chill  see.  Cou  .... 


CLOTHING  AND  CLIMATE 

From  the  standpoint  of  sensible  temperature,  the  following  table  ex- 
jiresses  different  degrees  of  wind-chill: 


Kg.  cal.  per  in.^  per  hr. 

Sensation 

50  . 

Hot 

Warm 

Pleasant 

Cool 

Very  cool 

Cold 

Very  cold 

Bitterly  cold 

Exposed  flesh  freezes 

Intolerable  (approximate  maximum  cooling  rate 
recorded  under  natural  outdoor  conditions) 

100  . 

200  . 

400  . 

600  . 

800  . 

1000 . 

1200 . 

1400  . 

2500 . 

Another  example  will  illustrate  the  relative  cooling  value  of  wind  at  low 
temperatures.  Approach  to  the  dangerous  1400  line  where  freezing  of 
exposed  flesh  occurs  can  be  expected  under  any  of  the  following  approxi¬ 
mate  combinations  of  conditions. 


Wind  Velocity,  m.p.h. 

Temperature,  °F. 

45 . 

20 

1  T 

26 . 

18 . 

1  (\ 

14 . 

Pi 

13 . 

ii 

9 . 

7 . 

o 

6 . 

lU 

10 

4 . 

—  'z\j 

3 . 

—  2o 

0  *  ■  ‘ 

— 15() 

■ - 

—  40 

Due  to  the  rapid  erosion  ot  the  natural  dead  air  film  around  an  object 
the  cooling  effect  is  more  critical  for  low  wind  velocities  than  for  higher 
10^0  I  c  othcd  man,  the  external  surface  temperature  of  clothing 

effect  of  “  'i  ‘  itself.  Therefore,  the  cooling 

effect  of  wind  winch  is  prevented  by  a  good  outer  windproof  garment  froin 

sapping  heated  air  from  the  insulating  fabrics,  has  a  cooltng  note  h! 

t'lTotmUe'^”'''  Tt'”"  controls  wind,  although 

eeeive  e  ed  t br  '"i*^  convective  heat  loss,  m.?  ' 

insni:,Ung1;ie”tlm:^^^^^^^^^^^^^  insulation  value  than  the  thick 

losses,  can  effect ivelv  redn op  tl  the  convectional 

vehicities  by  a^rc^^  ^  eoohng  potential  at  high  wind 

layers  are  porous  knitted  wool.  ^  I'liderlymg  insulating 
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In  snow  field  areas,  wind  ereates  other  problems.  Depending  to  some 
extent  upon  the  state  of  the  surface,  wind  with  velocities  of  15  to  18 
miles  per  hour  will  cause  drittiug.  Idght  Huffy  snow  not  common  in  very 
low  temperatures  may  he  disturbed  by  winds  under  10  m.p.h.  The  Hakes, 
however,  soon  break  down  to  smaller  and  denser  ])articles.  At  velocities 
between  15  and  20  m.p.h.,  drifting  snow  becomes  airborne.  As  the  velocity 
increases,  the  height  of  the  ground  drift  increases.  At  velocities  greater 
than  25  to  30  m.]).h.,  the  windborne  snow  is  above  head  height  and  is 
termed  a  blizzard. 

Drifting  snow  affects  man’s  life  in  several  ways: 

1.  It  reduces  visibility  to  a  few  feet,  creating  a  hazard  of  becoming  lost. 

2.  It  stings  and  cuts  the  unj^rotected  eves  and  face. 

3.  It  sifts  into  the  most  minute  openings  of  clothing  or  shelters,  and 
creates  a  wetting  j)roblem  where  it  can  melt. 

4.  It  covers  shelters,  caches,  tools  and  provisions,  the  loss  of  which  may 
endanger  life. 

5.  It  necessitates  extensive  labor  to  maintain  exits,  ventilation,  paths, 
landing  fields  and  access  to  stores. 

Precipitation.  In  this  zone,  precipitation  is  primarily  in  the  form  of 
snow  varying  from  large  Huffy  Hakes  at  temperatures  near  freezing,  to 
progressively  smaller  crystals  at  lower  temperatures.  Snow  i)rccipitatiou 
is  highest  on  the  windward  side  of  scacoast  mountains.  The  heaviest 
snowfall  in  the  world  occurs  along  the  coastal  mountains  from  British 
Columbia  to  northern  California.  An  accumulation  of  as  much  as  800 
inches  in  a  year  has  been  recorded.  The  second  heaviest  snowfall  recorded 
has  been  in  Japjin  along  the  western  side  of  the  central  mountain  range 
where  moist  air  from  the  Sea  of  Japan  is  forced  to  rise  over  the  mountains. 
Zones  lying  within  the  interiors  of  large  continents  have  much  less  snow¬ 
fall.  'Were  it  not  for  the  fact  that  such  continental  snow  accumulates 
throughout  the  winter  period,  the  ground  frequently  would  be  almost  bare. 

Preeij^itation  also  takes  other  forms.  Fog,  by  carrying  moisture  in 
supercooled  water  droplets,  ])recipitates  either  as  a  glazed  ice  or  as  hoar¬ 
frost  or  rime.  The  latter  type  is  most  common  at  lower  temperatures  and 
festoons  trees,  telegra])h  wires,  blades  of  grass,  and  other  objects.  Gen¬ 
erally,  the  weight  of  the  accumulated  rime  is  not  sufficient  to  cause 
damage,  and  its  crystalline  structure  is  so  delicate  that  it  is  disrupted  by 
a  gentle  breeze.  Glazed  ice,  however,  grips  its  host  with  great  tenacity  and 
its  weight  may  be  sufficient  to  break  communication  lines  and  tree 

1  )P{1-T1  cll  OS 

Snow  whicli  falls  in  forested  regions  tends  to  remain  nnpacked  lieeanse 
tlic  forest,  serving  botii  as  a  windbreak  and  as  a  slieltei  loin  t  le  snn, 
prevents  coniiiaction  by  these  ageneies.  In  contrast,  snow  covering  open 
areas  will  gradnallv  change  its  form  by  wind  and  solar  action,  llcie  it 
becomes  so  compact  that  it  may  be  able  to  support  a  man  s  weigh  . 
Travel  on  foot  is  thus  possible  wilhont  either  snow  shoos  or  skis,  winch 
l  however,  for  crossing  deep  fluffy  snow  areas.  Solar  ac  ion 

creates  various  tv,>cs  of  snow  surfaces;  as  for  example,  the  gla.eil  fast 
surface  well  known  to  skiers.  Often  Ihese  crusts  are  very  thin  and  on 
breaking  may  injure  the  feet  of  sledge  dogs  or  can.se  a  man  to  stumble 

continually. 
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Precipitation  from  fogs  or  directly  out  of  the  atmosphere  by  condensa¬ 
tion  on  a  cold  surface  may  be  considerable.  Its  effect  is  not  so  apparent 
in  the  total  accnnmlation  as  it  is  in  altering  the  surface.  After  such  a 
preci])itation  on  a  calm,  clear  day,  the  surface  may  appear  feathered  with 
large  clumps  of  crystals,  ap})arcntly  sprouting  from  the  surface  and  reflect¬ 
ing  the  sunlight  with  gemlike  iridescence.  Although  the  temperature  may 
remain  well  below  freezing,  snow  will  gradually  disappear  by  the  process 
of  sublimation  without  visible  melting.  In  areas  in  which  the  air  is  dried 
by  descending  air  masses  typical  of  the  foehn  winds  (or  the  Chinook,  as 
they  are  known  along  the  eastern  side  of  the  Rocky  mountains)  the  winds 
may  have  such  a  desiccating  effect  that  considerable  quantities  of  snow 
will  disappear  in  a  few  hours. 

Water.  In  this  climatic  zone,  bodies  of  fresh  water  normally  are  frozen, 
and  hence  cease  to  be  barriers  to  the  foot  traveler.  Although  swift  flowing 
streams  may  resist  freezing  for  a  considerable  period,  cross  country  travel 
is  generally  easier  in  winter  than  in  summer.  Seawater  areas  of  this  zone 
generally  remain  unfrozen. 


PHYSIOLOGICAL  CONDITIONS 


The  physiological  considerations  in  this  zone  are  similar  to  those  out¬ 
lined  previously.  Onee  the  body  has  gone  into  a  state  of  cooling,  and  vaso¬ 
constriction  has  reached  its  maximum,  the  physiological  effects  are  pri¬ 
marily  a  matter  of  degree.  Within  this  zone  conditions  are  favorable  for 
the  development  of  ehilblains  and  trench  foot,  even  though  the  tempera¬ 
tures  are  generally  suffieiently  cold  that  a  marked  sensation  of  pain  gives 
warning  before  any  actual  tissue  freezing.  Adequately  dressed  individuals 
^\ho  are  fairly  aetive  and  keep  themselves  dry  are  seldom  in  danger  of 

fieezing.  Exposed  ears  and  faces  may  be  frozen,  however,  when  the  wind 
IS  sufficiently  strong. 


fe,  consideration  must 


y  as  described  previously  holds 
increase  the  clothing  insulation 


coverage  of  %  inch,  the 
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equivalent  of  three  standard  clothing  layers.  Typical  conventional  winter 
clothing  gives  adequate  jirotcction  from  any  serious  casualty,  especially 
it  only  a  small  jiart  ol  the  lime  is  spent  out  of  doors  each  day.  The  clothing 
selected  generally  includes  heavy  warm  underwear,  woolen  shirts  and 
sweaters,  heavy  wool  trousers,  a  thick  insulating  overcoat,  a  heavy  cap 
with  ear  tabs,  wool  lined  gloves  or  mittens,  and  oversized  boots  with  at 
least  two  pairs  of  socks  and  insoles,  or  a  more  conventional  shoe  with  an 
arctic  overshoe.  Such  a  clothing  assembly  will  usually  prove  adequate  for 
the  occasional  outside  worker,  but  in  severe  winter  weather  the  wearer 
will  frequently  be  uncomfortably  chilled  about  the  neck,  and  sometimes 
about  the  legs  l)y  penetration  of  cold  air  through  the  trousers.  With  long 
exposure,  and  especially  with  a  low  degree  of  activity,  the  hands  and  feet 
will  become  cold.  The  face  may  become  uncomfortably  cold  but  is  rarely 
frostbitten.  Inexperienced  individuals  frequently  add  additional  items  of 
clothing  beneath  their  outer  garments.  Such  a  procedure  is  ill  advised 
since  it  causes  constriction  and  binding  which  leads  to  sweating  and  later 
to  chilling. 

The  efficiency  of  such  a  clothing  assembly  as  described  above  can  be 
increased  by  simply  adopting  lighter  weight  but  thicker  woolen  items 
protected  by  an  outer  layer  consisting  of  trousers  and  jacket  of  wdndproof 
material.  The  insulation  layers  as  described  in  Chapter  4  can  be  made 
ideal  by  the  added  thickness  of  knitted  wool  or  woven  wool  with  a  brushed 
Uiaj).  Such  insulating  layers  need  not  be  very  thick  in  themselves  if  there 
are  sev’eral  layers,  but  care  must  be  taken  that  each  layer  is  of  adequate 
size  to  go  over  the  garment  underneath  without  constriction,  and  to  pro¬ 
vide  for  an  air  layer  approximately  ^  in.  thick.  A  simple  rule  which  may 
be  followed  in  determining  jiroper  fit  is  to  measure  the  circumference  of 
each  major  evlinder  of  the  body  that  is  covered,  e.g.,  tiunk,  arms,  oi  bgs. 
If  the  garment  to  be  added  is  i/i  in.  thick  and  an  air  space  of  in.  is  to 
be  allowed  the  resulting  increase  in  insulation  will  amount  to  % 
Hence,  to  achieve  a  proper  fitting  for  this  additional  y.  m.,  the  outer 
circumference  should  now  be  about  SVs  in.  greater  than  that  over  the  last 
garment  underneath.  In  other  words,  if  over  a  jacket  size  40  one  wishes  to 
put  another  jacket,  the  outer  jacket  to  have  proper  fit  should  be  size 
44  This  is  assuming  that  the  garments  have  an  average  thickness  of  A  m. 
Of  course,  if  the  underjacket  were  very  thin,  a  size  42  might  be  satis 
faclorv,  for  only  the  air  layer  would  be  of  interest. 

Unfortunately,  in  acMiuR  clotl.ing  to  the  body,  wc  are 
ca-asing  the  surface  area,  hence,  as  ex|.  a.ne<  pre™nsl>,  "  K 

back  iL  full  value  of  the  a.kle.l  insnlation.  I  he  efficiency  o  clothing 
nroliortional  to  the  cliainetcr  of  the  body  Iiart  it  covers  If  «c  taki  a 
fiimer  for  example  we  find  that  hy  putting  on  Yi  insnlation,  we  ha 

put  on  insulation  that  was  an  inui  1 1 

1  1  tlint  nil  of  the  insulation  beyond  the  first  %  m.  is  ot  iitt  , 

;i|)proximately  1  in.  or 


the 'fingerraiuogctlier  and  cover  then,  with  a  initt 
a  larger  body  and  can  increase  the  insulation  to  . 
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in.  before  we  surpass  the  optimum.  Even  with  1  inch  insulation  oyer 
the  hands,  the  efficiency  of  the  insulation  is  only  75  per  cent  as  effective 
as  if  measured  over  a  flat  plate.  The  arms  and  legs,  being  larger  in  diameter 
than  the  hands,  are  able  to  take  2  inches  of  insulation.  The  efficiency  of 
such  a  cover  is  approximately  70  per  cent  over  the  arms,  75  per  cent  over 
the  slightly  larger  legs,  but  only  about  50  per  cent  over  the  feet,  even 
though  the  same  2  inches  of  insulation  are  used.  The  trunk,  being  the 
largest  cylinder  of  the  body,  can  obtain  considerably  greater  return  for 
insulation,  which  in  fact  can  be  built  up  to  a  productive  thickness  of  5 
or  6  inches.  However,  at  3  inches,  the  maximum  thickness  readily  utilized, 
the  efficiency  of  insulation  has  dropped  to  80  per  cent. 

In  this  zone,  it  appears  that  the  insulation  required,  if  efficiently  applied, 
would  amount  to  approximately  1  to  1%  inches  over  the  trunk.  The 
trunk,  of  course,  can  accommodate  the  heavier  insulation  without  en- 
eumbrance,  and  can  assure  the  greatest  heat  conserving  value  in  return. 
Insulation  over  the  arms  and  legs  can  be  built  up  to  approximately  %  in. 
The  hands  will  not  suffer  badly  in  loose  fitting  wool  lined  gloves,  if  the 
thickness  is  only  ^  in.  Mittens  %  in.  thick  would  be  more  difficult.  Insula¬ 
tion  over  the  feet  should  be  about  1  inch  in  thickness.  With  this  combi¬ 
nation  of  thickness,  an  assembly  of  three  standard  layers  can  be  achieved, 
and  the  body  will  be  protected  for  activities  no  greater  than  standing 
around  in  temperatures  common  to  this  zone  with  wind  velocities  not 
greater  than  5  miles  an  hour.  If  the  outer  clothing  is  sufficiently  windproof 
and  has  good  elosures  at  the  neck,  waist,  wrist  and  ankles,  the  protection 
will  be  adequate  even  in  heavier  winds. 

Although  in  this  climate  a  hood  attached  to  the  garment  is  not  abso¬ 
lutely  essential  for  adequate  protection,  it  is  desirable  for  those  who  are 
exposed  for  long  periods  of  time,  especially  under  windy  conditions.  Such 
a  hood  gives  a  better  closure  between  the  headgear  and  the  body  garments. 
Covering  for  the  head  is  generally  not  demanded  by  most  individuals  at 
this  temperature,  and  where  they  may  complain  of  cold  hands  and  feet, 
they  rarely  complain  of  cold  on  the  face.  This  may  be  most  misleading, 
for  in  reality  the  face  is  kept  warm  by  blood  pumped  to  it  at  the  expense 
of  reduced  circulation  to  the  cold  extremities,  therefore  it  is  obvious  that 
by  the  simple  expedient  of  covering  the  head  as  much  as  possible  the 
insulation  efficiency  of  an  entire  clothing  assembly  may  be  increased.  ’ 

As  greater  thickness  of  clothing  is  added  to  the  body,  the  need  for  proper 
vent,  ation  becomes  more  urgent.  People  exposed  to  low  temperatures  do 
not  dress  themselves  tor  facility  while  working  until  they  have  become 
thoroughly  experienced.  They  will  invariably  dress  tLmselvess  for 
greatest  comfort  while  idle,  and  hence  may  have  on  so  much  clothing  that 
they  are  loathe  to  become  very  active.  Once  such  overdressed  indivfduals 
become  active,  they  quickly  start  to  perspire.  This  may  not  be  serious  if 
they  can  return  to  the  comfort  of  a  heated  shelter  when  their  Xk  is 
over.  However,  if  in  these  low  temperatures  thev  are  forced  to  rlX  idle 
with  this  dampness  m  their  clothing,  the  rate  of  cooling  will  be  iucreastd 
comparable  to  temperatures  many  degrees  lower.  Therefore  one  of  the 
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liyiiicroasiiig  exertion  from  the  level  of  standing  around  to  fast  walk¬ 
ing,  the  bodys  heat  output  is  doubled  and  insulation  requirements  are 
roughly  cut  in  half,  therefore,  one  half  of  the  clothing  insulation  must  be 
eliminated  to  prevent  sweating.  If  an  individual  who  is  dressed  comfort¬ 
ably  for  standing  around  undertakes  greater  activity,  he  will  need  ventila¬ 
tion  at  the  neck,  head,  hands  and  other  points  to  be  able  to  control 
s\N eating  without  removing  any  of  his  clothing.  Removal  of  a  garment  is 
distasteful  to  the  novice  in  a  cold  region,  even  though  it  is  second  nature 
to  an  old  timer  who  realizes  the  danger  he  runs  if  he  allows  sweat  to 
accunuilate  in  his  clothing.  .V  simjile  procedure  to  maintain  ventilation  in 
this  clothing  zone  is  to  utilize  jackets  which  ojien  down  the  front.  These, 
when  opened,  expose  part  of  the  trunk  to  the  underwear  layer.  ^Movement 
of  the  body  creates  sufficient  convection  currents  to  aid  rapid  removal  of 
excess  body  heat.  Iherefore,  in  general,  pullover  type  garments  are  less 
desirable  in  this  zone  than  at  lower  temperatures. 

1  hose  who  have  intelligently  utilizeil  the  Norwegian  Brynje  vest  are 
extensive  in  its  praise.  The  original  Rrynje  vest  was  a  loosely  knit  sleeve¬ 
less  garment  made  of  a  heavy  fish  twine  or  candle  wicking  com])arable 
to  chalkline,  with  apertures  in.  across.  knitting  twine  makes  a  gar¬ 
ment  34  ill-  til  Mi  ill-  thick.  The  Brynje  vest  is  worn  directly  over  the  bare 
skin  beneath  the  insulating  clothing.  It  is  preferably  made  of  a  nonabsorb¬ 
ent  material.  The  original  vests  were  waxed  to  achieve  this.  When  sweat¬ 
ing  occurs  on  the  trunk,  the  wearer  o])ens  his  outer  clothing  about  the  neck 
and  waist.  This  permits  a  ilraft  of  air  to  move  directly  over  the  skin.  The 
incoming  air  at  low  temperatures  is  extremel,v  dry,  having  a  vapor  pressure 
often  under  1  mm.  Ilg  as  contrasted  to  the  vai)or  pressure  on  the  sweating 
skin  which  is  aiiproximately  44.5  mm.  Ilg.  Evaporation  is  rapid,  and 
before  this  moisture  has  had  an  opportunity  to  soak  into  the  insulating 
garments,  it  has  been  forcibly  removed  in  the  form  of  vapor  through  the 
chimney-like  structure  i)rovided  by  the  well-ventilated  Brynje  vest.  The 
skin  remains  dry  and  so  does  the  clothing.  When  the  wearer  of  the  Brynje 
vest  has  ceased  heavy  activity,  he  (piickly  closes  his  garments  to  prevent 
unnecessary  How  of  cold  air  over  his  skin,  and  the  air  at  these  levels 
becomes  immobilized  into  efficient  insulation.  4  he  principle  of  the  Brynje 
vest  is  not  new,  for  the  Orientals  have  used  bamboo  vests  for  the  same 
I)urpose  and  some  of  the  North  American  Indians  achieved  the  same 
results  from  beaded  vests.  We  can  expect  in  the  future  that  cold  weather 
clothing  will  capitalize  ui)on  this  method  of  vapor  control,  and  that  pos¬ 
sibly  by  coupling  it  with  the  vapor-proof  garment  described  in  the 
preceding  part,  we  may  be  able  to  i)rovide  almost  foolproof  clothing  pro¬ 
tection  for  cold  weather  and  tor  low  levels  of  acti^it^. 

Protection  from  body  heat  loss  while  sleeping  within  this  zone  can  best 
be  achieved  by  means  of  a  sleeping  bag  conforming  roughly  to  the  .shape 
of  the  body  aiid  ])roviding  insulation  equivalent  to  approximately  2  inches 
of  thickness.  The  u.se  of  cither  down  or  .some  such  light  comin-essible  ma¬ 
terial  is  ideal,  provitling  that  adecpiate  protection  is  added  for  that  portion 
of  the  bag  which  is  comprc.ssed  by  the  weight  of  the  sleeper.  This  can  be 
achieved  bv  means  of  a  mattress.  Care  must  be  taken  to  prevent  heat  on 
the  under.side  from  melting  snow  when  the  l>ag  is  laid  directly  on  top  ot 
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it.  The  practice  of  using  a  waterproof  layer  will  cause  accuimilatioii  of 
moisture  from  the  body,  and  should  therefore  be  a\oid((  iin  ess  i  is 
provided  with  an  inner  vapor-proof  liarrier. 

THE  FOUR  LAYER  MAXIMUM  CLOTHING  ZONE: 

SUBARCTIC  WINTER  TYPE 

This  zone  comjirises  the  coldest  climatic  area  in  whicli  clothing  alone 
can  [irotect  the  body  from  lieat  loss  at  low  levels  of  activity.  Its  clot  iing 
requirements  are  characterized  by  siiecializcd  garments  and  jirotective 
devices. 

The  regions  in  which  this  zone’s  conditions  occur  generally  lie  within 
the  high  latitudes  around  the  jioles.  In  North  America  in  midwinter,  the 
area  extends  as  far  south  as  Wisconsin,  Blaine,  North  Dakota  and  Alon- 
tana.  In  Asia,  at  the  same  season,  it  extends  as  far  south  as  the  Himalayas, 
and  almost  to  the  Caspian  Sea.  With  the  jiossible  excejition  of  a  few  high 
mountain  regions,  it  is  completely  alisent  in  Africa,  Australia,  and  South 
America;  but  it  includes  the  entire  continent  of  Antarctica. 

EXVII{()\MEN TAL  CONDI  TIONS 

The  environmental  conditions  for  this  clothing  zone  differ  from  those 
of  preceding  zones  mainly  liy  increased  intensity  of  the  cold. 

Temperatures.  Temperatures  range  from  14°  F.  down  lielow  0°  F. 
In  areas  in  which  the  temperatures  of  this  zone  represent  average  condi¬ 
tions,  unusual  cold  spells  may  occur  where  the  temjicraturc  falls  to  — 40 
or  even  — 00°  F.  From  Oimyakon,  Silieria,  an  unofficial  temperature  of 
—  105°  has  been  reported. 

Clothing  of  [)resent-day  design,  witliout  the  addition  of  Iniilt-in  artificial 
heating,  can  keeji  an  inactive  man  warm  indefinitely  at  tenifieratures 
around  and  even  below  0°  F.  If  he  is  sufficiently  activ’e,  the  garments 
described  for  the  preceding  zone  can  keep  him  jirotected  at  temperatures 
down  to  — 40°  F. 

Sunshine.  In  certain  regions  of  this  zone,  the  period  of  greatest  cold 
is  concurrent  with  conditions  where  for  several  weeks  the  sun  may  be 
absent  entirely  or  at  liest  low  on  the  horizon  at  midday.  In  the  spring, 
when  the  sun  is  just  returning  and  there  is  still  a  cold  lag  of  winter,  direct 
solar  radiation  on  clear  days  may  jiroducc  ajipreciable  heat  for  the  indi¬ 
vidual.  However,  clothing  insulation  is  generally  so  thick  in  order  to 
plotted  him  fi om  atmospheric  tcmjierature.s  that  the  sun’s  effectiv’cness 
Ill  warming  him  is  not  apiireciablc.  At  this  season  of  the  year,  especially 
in  snow-covered  areas,  the  eyes  must  be  iirotected. 

Wind.  Generally  in  extremely  cold  temperatures,  there  is  little  air 
movement.  In  the  cold  pole  areas,  for  example,  in  northeastern  Siberia 
air  temperatures  may  descend  to  -80  and  -90°  F.;  at  the  same  time  the 
averap  wind  velocity  is  less  than  2  miles  per  hour  or  there  mav  lie  long 
periods  of  dead  calm.  On  the  other  hand,  in  regions  dominated  bv  cold 
air  masses,  strong  winds  may  occur  along  with  the  coldest  periods  of  the 
vear.  Clmrchill,  Manitoba,  is  a  good  examjile  of  this  tvjie  of  winter  where 
extremely  Icnv  temperatures  also  bring  about  a  strong  combination  of 
wind-chill.  Generally  speaking,  however,  in  most  of  the  polar  areas  when 
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invpHi",f  “  ""’‘"'S  of  tl'e  air  which  brings  the 

iiueittd  warmer  ui)i)er  air  layers  down  to  the  surface. 

recipitation.  The  surface  effects  of  precipitation  described  in  the 
pi  ecedmg  part  are  also  characteristic  of  regions  in  this  zone.  Large  portions 
of  the  continental  areas  subjected  to  this  climate,  however,  do  not  warm 
up  siifticiently  111  summer  to  permit  forest  growth,  but  are  vast  treeless 
tundra  lands.  I  he  soil,  frequently  frozen  the  year  round,  is  in  the  form 
o  permafrost,  l^ecaiise  the  subsoil  is  permanently  frozen,  precipitation 
1  un-off  IS  confined  to  the  surface.  In  summer  these  tundra  areas  are  char¬ 
acterized  by  swamps,  muskeg  and  .shallow  lakes,  interlaced  by  braided 
streams,  while  in  winter  they  are  completely  frozen  over  and  snow-covered, 
forming  one  vast  white  plain. 


rn  Y BIOLOGIC  A  L  CONDITIONS 

The  gradient  between  the  warm  flesh  and  the  environment  is  very 
steep,  and  although  clothing  may  be  sufficient  to  broaden  the  gradient 
and  thus  reduce  discomfort,  if  excessive  it  may  also  delay  or  prevent  the 
necessary  stimulus  for  the  jirotective  reflex  of  shivering.  Exposure  may 
induce  sufficiently  rapid  cooling  to  cause  intense  jiain  in  the  extremities. 
Experiments  at  the  Pierce  Laboratory  at  Yale  University  have  shown 
that  in  subjects  exjiosed  to  an  extremely  low  temperature  and  wearing 
heavy  flying  clothes,  the  trunk  temperatures  as  well  as  the  internal  tem¬ 
peratures  decreased  gradually,  and  there  was  no  shivering;  whereas  when 
the  same  subjects  exposed  to  the  same  environmental  temperatures  were 
dressed  in  wool  underwear  onlv,  thev  shivered  violentlv  even  though  there 
was  no  drop  in  the  torso  skin  temperatures  or  in  the  internal  temperatures. 
This  finding  is  most  significant  since  it  ])robably  accounts  for  those  cases 
where  individuals  have  frozen  to  death  after  only  a  few  hours’  exposure 
to  cold.  By  contrast,  however,  lightly  clad  individuals  lost  for  several  days 
have  escaped  from  freezing  to  death  proliably  because  they  were  subjected 
to  such  intense  and  persistent  shivering  involving  nearly  every  muscle  of 
their  bodies,  that  even  though  they  may  have  emotionally  given  in  to 
the  desire  to  sleep,  they  were  not  able  to  reach  that  stage  of  inactivity 
with  its  lowered  metabolism  which  would  have  iicrmitted  them  to  freeze 
to  death.  It  aiipears  safe,  therefore,  to  assume  that  an  Individual  dressed 
with  overheavy  insulation  may  be  more  in  danger  of  death  in  the  cold 
than  one  more  lightly  clad.  In  the  latter  case,  however,  there  may  still  be 
the  lesser  danger  of  freezing  the  extremities  and  exposed  parts. 


CLOTHING  THEORIES 


The  lower  limit  of  this  zone  is  marked  by  those  conditions  under  which 
maximum  protective  insulation  is  re(piire(i  of  the  clothing,  but  where  the 
clothing  must  not  be  so  bulky  as  to  interfere  with  the  activity  and  dex¬ 
terity  necessary  for  the  performance  of  ordinary  daily  occupations.  It 
docs' not  include  those  conditions  recpiiring  the  use  of  artificial  heat.  The 
principles  of  applying  clothing  insulation  are  in  general  the  same  as  those 


already  discussed.  .  ,  ,  i  i  1 1 

The  following  talilc  shows  the  estimated  values  of  what  would  probably 

be  the  optimum  insulation  consistent  with  the  ability  to  operate.  The 


CLOTHING  AND  CLIMATE 


431 


column  heading  Thickness  refers  to  the  combined  thickness  of  clothing 
and  included  air  spaces  exceeding  0.2  in.  Standard  Clo*  refers  to  the  flat 
jilate  value  of  the  given  thickness,  so  indicated.  One  inch  would  equal 
approximately  4  clo  on  a  flat  plate,  and  for  all  practical  purposes  a  ^  in. 
layer,  including  both  air  and  fabric,  is  ai>proximately  equivalent  to  1 
clo.  Although  this  value  takes  into  consideration  such  factors  as  increased 
air  surging  between  layers  as  individual  activity  increases,  it  does  not 
make  allowances  for  changes  in  value  with  accumulated  moisture  nor  for 
ineptitude  in  correct  use  of  the  garments.  The  heading  Percentage  of 
Efficiency  refers  to  the  comparative  efficiency  of  the  insulation  to  its 
theoretieal  value.  Local  Clo  value  refers  to  the  reduction  of  the  apparent 
insulation  to  the  actual  insulation  by  applying  per  cent  efficiency  to  the 
theoretic  or  standard  flat  plate  clo  value.  Percentage  of  Total  Contribution 
to  the  Body  refers  to  the  percentage  of  total  body  surface  represented  by 


Table  38.  Optimum  Insulation  Consistent  with  Efficiency 


Tliickness 
in  Indies 

Standard 

Clo 

Percentage  of 
Efficiency 

Local 

Clo 

Percentage  of 
Total  Contri¬ 
bution  to 
Body 

Percentage  of 
Contribution 
to  Total  Clo 
Value 

Head . 

1 

4 

87 

3.5 

7 

3.5 

Trunk . 

3 

12 

80 

9.(5 

36 

51.0 

Arms . 

0 

8 

70 

5 . 6 

14 

11.5 

Legs . 

o 

8 

75 

(5.0 

31 

27.3 

Hands . 

1 

4 

75 

3  0 

5 

2  3 

Feet . 

2 

8 

51 

4  1 

i 

4.4 

1  otal . 

100 

100.0 

the  part  mentioned.  Contribution  to  Total  Clo  Value  refers  to  the  cal¬ 
culated  iiereentile  insulation  that  is  contributed  by  the  part  toward  the 
total  insulation  of  the  body. 

I  allies  in  Table  38  were  calculated  during  the  process  of  determinincr 
l  ie  maximum  theoretical  insulation  acceptable  in  the  design  of  military 
clothing.  The  clothing  thicknesses  actually  approach  a  condition  of  unsat- 
1  factory  bulkiness.  The  total  insulation  provided  by  this  theoretical  suit 
1  .•  ■  the  data  as  calculated  assume  no  compression  of 

rat'‘neck“''wr  sf loss  at  the  face 
01  at  neck,  «rist,  or  other  closures.  It  does  allow  for  the  suririmr  of  air 

Inough  the  elothiiig  accompanying  activity,  an  insuh  tio  d  strovh  v 

actor  of  great  importance.  It  is  conceivable,  however  hat  mh  a 

theoretical  assembly  might  attain  80  per  cent  of  its  calculated  insnirf 

1  able,  corresponding  to  ajiproxiniately  5.4  clo  '  * 

In  designing  such  an  assembly,  proper  fitting  is  vital.  For  example  the 

.storage  (will,  .,ki„  temperature  remaining  at  'll  4°  V  iT,  a  r“^ ''  tlieriuo-cqiiilibrium  will, out 
'■■0'“  F.,  a  relative  humidity  below  5  er  cen  V  “  "  '''  t™I«-tatiire  ot 

SO  feet  per  minute.  '  o  '  ''•'aity  of  approximately 
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outer  circumference  of  clothing  covering  the  head  and  hands  will  he  about 
().3  in.  greater  than  the  cireninference  of  those  ])arts.  The  outer  clothing 
Cii eninterenee  over  the  arms  and  legs  will  he  in,  greater  than  the  cir- 
cnmference  of  the  arms  ami  legs  themselves,  and  the  outer  clothing 
circumference  over  the  trunk  would  increase  about  IS.S  in.  In  practice, 
this  would  mean  that  a  man  normally  wearing  a  size  40  street  jacket  would 
have  to  wear  size  (>()  in  such  a  garment. 

I  he  construction  of  clothing  of  maximum  thickness  depends  upon  which 
one  of  several  basic  concepts  of  cold  weather  protection  the  individual 
wishes  to  use.  Our  present  state  of  knowledge  is  still  too  limited  to  warrant 
a  categorical  statement  that  one  is  entirely  superior  to  another.  Each 
utilizes  certain  generally  accej)table  principles  which  have  been  discussed 
previously.  Briefly,  some  of  the  more  basic  theories  follow. 

The  Conventional  Concept,  d'he  conventional  concept  advises  the  use 
of  a  continuous  layer  of  wool  or  part  wool  underwear  directly  in  contact 
with  the  l)ody.  Additional  layers  of  wool  or  of  other  high  insulating  fabric 
are  added  until  the  maximum  desired  thickness  is  obtained.  The  outer 
layer  is,  of  course,  a  wiud-resistant  cover.  Efficiency,  according  to  this 
concept,  is  attained  by  using  several  loose  insulating  layers  in  preference 
to  one  or  two  thick  layers.  Thickness  is  more  important  than  density  in 
the  selection  of  the  most  suitable  fabric,  aud  such  an  assembly  need  not 
be  heavy.  Internal  linings  which  control  the  surging  air  movement  between 
layers  may  be  desirable.  The  greatest  deficiency  in  such  au  assembly  is 
the  difficulty  in  obtaining  sufficient  ventilation  when  activity  is  increased. 
To  prevent  heavy  sweating,  the  wearer  must  remove  one  or  more  garment 
layers.  This  is  awkward,  and  by  novices  considered  objectionable,  even 
though  it  is  second  nature  to  seasoned  polar  veterans. 

The  bulkiness  of  j)olar  clothing  assemblies  is  frequently  and  scnerel\ 
criticized  by  the  novice.  There  is,  however,  no  clear  agreement  on  what 
factors  of  the  bulkiness  are  most  objectionable.  As  apjdied  to  clothing, 
bulkiness  connotes  thickness,  stiffness,  redundancy,  binding  and  other 
irritating  or  unsightly  factors,  besides  an  enforced  awkwardness  m  getting 

into  or  out  of  the  garb.  .  ,  „  . 

Such  assemblies  can  be  improved  by  appropriate  individual  fitting. 
Binding  and  other  constrictions,  for  example,  that  produce  points  of  fric¬ 
tion  or  make  it  difficult  to  .slij)  into  the  garment,  can  thereby  be  ehmmated. 
Creeping  or  twisting  of  one  garment  under  another  can  be  controlled  liy 
the  mse  of  ridged  material  interlocking  with  corresponding  materia  in 
the  overlving  garment.  Interference  with  dexterity  can  be  ehmmatecl  to 
a  large  extent  by  the  use  of  resilient,  easily  compres.sed  insulation  at  points 

where  thickne.ss  may  l)e  temporarily  reduced.  i  -i  *  i 

With  the  exceiitiou  of  the  one  piece  flying  suits  worn  by  jiilots  and 
one  piece  mechanics’  outfits  worn  by  some  ground  crew,  the  convcntiona 
cold  weather  clothing  most  favored  is  divided  into  distinct  upper  aiu 
lower  assemblies.  The  overlapping  that  results  adds  bulk  at  the  waist  am 

l:--  . . 

!!,d'n!Lr|.'oV"ami'lo  |„-evc.nt  unsi,hll.v  „r  cl.illin,  gaps  l.elween  the 
uj)i)er  and  lower  garments. 
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One  great  problem  of  conventional  clotliing  of  several  layers  is  the 
increased  dressing  time  required.  Simple  solutions  arc  lacking  generally  to 
make  easy  the  task  of  disposing  of  l)ody  waste.  4 he  matching  closuies  of 
each  layer  is  essential  and  minimnm  exjiosnre  is  desirable.  Even  the  desir¬ 
ability  of  one  piece  and  two  piece  underwear  is  unresolved,  dhe  former 
requires  careful  sizing  prolilems.  The  latter  increases  bulk  at  the  waist  and 
jirodnces  greater  expanse  of  exposure. 

Ingenious  designs  have  been  made  to  facilitate  ease  of  performing  nat¬ 
ural  functions  such  as:  snsjienders  hooking  all  elements  of  the  limb  cover 
together;  tail  on  the  back  of  the  parka  which  fastens  between  the  legs  to 
the  front  of  the  parka  to  form  a  “cod  piece.”  Fly  designs  are  of  many  types. 
Unless  the  assemblies  are  designed  to  match  in  function,  great  difficulty 
can  ensue.  Nothing  is  more  disconcerting  than  to  hurriedly  maneuver 
through  three  layers,  the  windproof  with  a  2-inch  vertical  slit  ju’otected 
by  a  backdroj)  curtain  of  cloth,  the  wool  trousers  with  a  recalcitrant 
zipper,  the  top  of  which  cannot  be  reached  through  the  slit  of  the  wind- 
proof,  and  finally  stubliorn  buttoned  underwear. 

Drop  seats  have  been  designed  for  underwear  and  outer  garments,  but 
in  practice  it  has  been  difficult  to  reach  fastenings  behind  due  to  the 
bulky  clothing  between  the  arms  and  body.  Trousers  have  been  designed 
which  provide  no  opening  facilities  but  require  the  whole  trouser  assembly 
to  be  lowered  as  a  complete  unit  by  unhooking  from  susjienders.  Designers 
need  field  experience  in  these  matters. 

Conventional  winter  clothing,  as  commercially  advertised,  is  not  only 
widely  variable  in  weight,  thickness,  number  of  layers,  stiffness,  shape 
and  color,  but  exhibits  innumerable  types  of  closures  and  findings.  Effi¬ 
ciency  is  acquired  by  simplicity  of  closures  which  can  be  air  and  snowtight 
without  restriction  and  which  can  be  manipulated  with  cold  fingers  or 
mittened  hands,  and  in  the  dark.  Cold  weather  clothing  needs  simple 
effective  methods  of  ventilation  to  prevent  sweating  with  increased  exer¬ 
cise.  Normally  the  most  ajipropriate  ventilation  points  are  in  the  following 
locations  in  order  of  frequency  of  use:  face,  head,  hands,  neck,  waist, 
wrists,  and  sometimes  the  ankles.  When  ventilation  of  these  areas  fails 
to  control  sweating,  one  or  more  layers  must  be  removed.  Points  often 

diffieult  to  ventilate  and  where  sweat  accumulates  are  in  the  crotch 
armpits  and  toes. 


Slee])mg  bags  of  commercial  type  are  widely  variable  in  shape,  size 
weight  and  thickness.  The  fillings  may  contain  eider  down,  duck  or  goose 
down.  Elder  down  iiossesses  high  efficiency,  but  is  costlv  and  scarce  Other 
fi  lings,  dieaper  and  heavier  may  be  wool,  kapok,  milkweed  and  cotton. 
S.Mithetic^  fillings  such  as  fiberglass  and  aerolac  may  vet  show  some 
prmnise  1  he  primary  deficiencies  of  all  sleeping  bags  include  difficultv  in 
.Mug  out  moisture  and  ice  accumulation  within  the  bag,  and  the  ten- 
c  cncy  of  the  materia  to  compress  until  pressure  points  become  cold  spots 
unless  a  second  suitable  pad  is  provided  ^ 

The  Eskimo  Method.  In  the  Eskimo  meihod,  the  clothimr  con<i<;f> 
"  r:-  ■  i::^";::.  irls^b clothing  consists  of  carilmi: 
. . . . 
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in  fact  the  shaft  may  apjiear  almost  completely  hollow.  This  increases  the 
msiilation  value  of  the  fiber  as  well  as  reduces  its  weight.  The  friability 
and  wearing  qualities  of  such  fibers  in  the  crudely  jirepared  hides,  however, 
leaves  much  to  be  desired.  The  hair  fibers  of  cold  weather  animals  which 
seek  shelter  from  intense  cold  or  wind  have  much  more  dense  cellular 
structure  and,  therefore,  a  lower  insulation  value.  (For  description  of 
Eskimo  clothing,  see  Chapter  1.) 

Hybrid  Combinations.  Ueceut  American  antarctic  expeditions  have 
used  hybrid  combinations  of  Eskimo  clothing  with  ordinary  conventional 
cold  weather  garments.  For  instance,  wool  underwear,  siiirts,  trousers, 
socks,  felt  insoles,  mitt  liners,  and  knitted  wool  helmets  of  conventional 
type  were  worn  beneath  Eskimo  type  fur  jiarkas,  sealskin  trousers,  fur 
mukluks  with  fur  socks  and  insoles,  fur  mitts  and  fur  caps,  all  these  latter 
items  being  worn  ])referably  with  the  fur  outside. 

In  windy  weather,  to  j)revent  snow  matting  into  the  fur,  loose  fitting, 
greatly  oversized  windproof  cotton  ])arka  and  trousers  constituted  the 
outermost  garments.  Windproof  covers  for  the  fur  mukluks  and  fur  mitts 
were  similarly  used,  as  were  face  masks  on  windy  days  when  the  tem¬ 
perature  was  below  — 40°  F. 

Such  hybrid  combinations  manifestly  give  improved  protection.  They 
are,  however,  much  less  efficient  than  purely  Eskimo  assemblies  in  respect 
to  weight,  freedom  of  movement,  ease  of  dressing  and  disrobing,  ventila¬ 
tion  and  repair. 

In  respect  to  slee])ing  l)ngs.  these  same  expeditions  have  made  modifica¬ 
tions  in  the  Eskimo  type  caribou  bag  with  such  improvements  as:  more 
roominess  for  the  average  sized  American;  full  length  zipper  on  side  and 
across  bottom  to  permit  easy  entrance,  exit  and  complete  airing  or  frost 
removal  after  use,  and  to  facilitate  comfort  control  with  changes  in 
ambient  tem])eratures;  boxed  shoulders  in  the  bag  to  ])revent  bellowing 
drafts  from  breathing  and  body  movements;  protection  for  the  head  and 
neck  by  a  deep  hood  attachment  provided  with  wolverine  ruff,  and  having 
a  fur  or  wool  scarf  at  neck  opening  to  prevent  moisture  laden  exhaled 
vapors  from  entering  the  bag;  protection  of  the  sleeping  bag  from  soiling 
and  frost  accumulation  during  use  or  in  transport  by  an  outer  windproof 
cover  with  zipper  permitting  com])lete  snowproof  closure  when  not  m 
use;  a  light  wool  inner  lining  to  add  to  comfort  by  acting  as  air  baffle  m 
spaces  created  bv  unconscious  movement;  and  a  pad  to  be  used  beneath 
the  bag  to  prevent  sinking  into  or  melting  of  the  underlying  snow  at  the 
heavier  bodv  contact  points,  such  ])ads  being  in  the  form  of  a  kapok 
mattress,  or’ of  two  canvas  layers  with  an  interposed  layer  of  metal  toil, 
or  of  parallel  slats  of  thin  plywood  arranged  so  that  they  can  be  tightly 

bundled  when  not  in  use.  ^ 

The  added  weight  of  the  foregoing  modifications  is  reported  as  more 

than  compensated  by  the  improved  comfort,  protection  and  restful  sleep 

\^meHran  and  European  explorers  generally  jirefer  to  sleep  in  their 
woolen  undergarments  and  in  individual  sleeping  bags. 
trast,  generally  slee])  nude,  and  prefer  the  more  efficient  or  family  anan,e 

ment  of  many  under  one  bed  roll. 
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The  Brynje  Method.  Basically,  this  method  is  similar  to  the  conven¬ 
tional  method  except  for  the  underwear  layer.  The  principle  involved  has 
been  discussed  earlier  (pp.  395  and  428) ,  and  its  significant  features,  the 
so-called  string  vest  and  neck  cloth,  have  been  adopted  by  the  Norwegian, 

British  and  Canadian  armies.  ^ 

This  method  of  dressing  has  the  advantage  of  providing  ventilation 
which  prevents  moisture  and  frost  accumulation  in  the  clothing.  Hence, 
the  same  clothing  can  be  worn  either  in  semiheated  shelter,  at  strenuous 
activity,  or  in  conditions  of  extreme  cold  without  undue  discomfort 
simply  by  adjusting  the  channels  of  ventilation. 

The  Double  Vapor-barrier  Method.  This  subject  has  been  amply  dis¬ 
cussed  in  the  section  on  Temperate  Cool  Winter  Type.  The  principle  is 
radical,  and  involves  many  problems  of  design  and  selection  of  materials. 
Opinions  are  varied  as  to  its  practical  application.  Theoretically,  however, 
it  could  reach  the  acme  of  clothing  protection. 

The  Russian  Army  Method.  An  analysis  of  the  Russian  winter  uniform 
will  demonstrate  another  method  of  protection  in  extreme  cold. 

The  Russian  army  uniforms  are  built  on  the  conventional  system.  They 
do  not  make  use  of  the  outer  windproof  layer,  nor  do  they  employ  a 
parka  structure  for  head  and  neck  protection.  The  outer  body  garment 
consists  of  a  densely  woven  wool  greatcoat  lined  with  sheepskin.  This 
coat  is  bulky,  heavy,  thiek  and  stiff.  It  is  nearly  ankle  length  with  a  high 
turned-up  collar  and  extra  long  sleeves.  Its  advantages  are  primarily  that 
it  serves  as  bed  clothing  as  well  as  protection  while  active.  At  night  the 
wearer  teams  up  with  one  or  more  companions  in  order  to  secure  mutual 
benefit.  Auxiliary  bedding,  of  course,  is  used  when  conditions  permit.  The 
stiffness  of  the  eoat  is  a  valuable  means  of  preserving  the  efficiency  of  dead 
air  layers  as  insulation.  The  length  of  the  coat  skirt  gives  leg  protection 
and  the  long  sleeves  permit  the  hands  to  be  drawn  up  into  them. 

A  defieieney  of  the  greatcoat  lies  in  its  unnecessarily  heavy  weight. 
Furthermore,  its  bulkiness  prevents  easy  maneuverability,  and  the  design 
and  material  itself  give  inefficient  wind  protection. 

A  fur  hat  with  flaps  over  the  ears  and  back  of  the  neck  provides  good 
insulation  for  the  head,  but  little  protection  for  the  neck  and  face 
The  footgear  is  interesting  in  its  simplicity,  Russian  Army  boots  being 
made  of  heavy  felt  without  even  a  protective  sole.  Instead  of  conventional 
socks,  a  cloth  is  loosely  wrapped  around  the  foot. 

Oriental  Method.  People  living  in  the  highlands  of 

lid  W^S  ""  -'Weeted  tottremei; 

cold  V  inters,  and  pnera lly  use  sheepskins  for  their  winter  garments 
Their  primary  insulation  is  a  long  thick  coat  which  sometimes  includes 
a  hood.  Such  a  garment  is  stiff  and  awkward,  but  provides  a  virtual  wLr 
mg  sleeping  bag  with  an  open  bottom  and  a  slit  front  for  ventilation  The 
Climese  have  long  used  quilted  garments  filled  with  various  materials  such 
as  cotton  and  wool.  They  are  well  acquainted  with  the  princiole  of  var' 
clothing  layers,  and  often  describe  cold  weather  by  the  numbe  ^  f  f 
or  robes  one  needs.  Their  robes,  composed  of  i  Jnv  fnir 
considerable  quantities  of  dead  air  and  provide  fairiv  effi 
Recent  U.S.  Army  Experimental  Arctic  Clothii;g.“lnTm;":tg73 
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felt  slioe  or  in  a  inuklnk  whicli  is  also  j)rovi(lo(l  with  an  extra  felt  sock. 
1  he  ninklnk  has  a  eanvas  top,  porous  tan  sole  and  is  nuich  cheaper  and 
less  efficient  than  the  Eskimo  ninklnk. 

Hands  aie  protected  by  a  trigger  finger  wool  mitten  inside  a  windjiroof 
leather  covered  gauntlet,  or  in  .some  cases,  by  the  arctic  mitten  which 
has  an  additional  lining  and  a  back  covered  with  alpaca  pile. 

1  he  headgear,  in  addition  to  the  parka  hood,  includes  a  windproof 
cotton  caj)  with  ear  flajis  and  visor,  and  in  extremely  cold  and  windy 
weather,  a  face  mask  is  added  to  this  assembly.  For  military  needs, 
numerous  pockets  with  snow  flajis  are  provided.  This  assembly  would 
normally  give  indefinite  protection  for  a  soldier  standing  around  at  a 
temperature  of  approximately  14°  F.  ( — 10°  C.),  and  would  give  amjile 
protection  for  an  active  soldier  down  to  at  least  — 00°  F.  This  assembly 
under  test  proved  excessively  heavy,  and  had  a  binding  action  whicli 
often  caused  the  j)ile  garments  to  twist.  The  legs  also  were  insufficiently 
clad.  In  recent  experimentation,  an  insulating  garment  for  use  over  the 
wool  underwear  has  been  made  by  quilting  a  fine  spun  fiberglass.  In  the 
initial  exjierinients,  this  fiber  glass  iiroved  fragile  and  formed  cold  spots. 
However,  recent  exjierinientation  shows  promise  of  improvement  and 
this  new  assembly  reportedly  gives  protection  around  0°  F.  for  the 
inactive  soldier. 

The  .\rniy  sleejiing  bag  is  a  feather  and  down  blend  in  three  parts.  Two 
bags,  one  fitting  inside  the  other,  form  the  insulating  layers  and  are 
ninnimy  shaped  with  the  shoulder  lioxed  in  with  a  ])eaked  hood,  and 
having  a  leather  zipper  in  the  middle.  \n  outer  windproof  shell  is  the  third 
layer.  Deficiencies  of  this  bag  lie  in  the  fact  that  it  requires  the  establi.sh- 
nient  of  a  sjiecific  .sleeping  habit  which  nece.ssitates  holding  the  legs  to¬ 
gether,  and  in  the  fact  that  when  the  down  is  compressed  beneath  the 
body  cold  spots  are  produced  unless  a  ])ad  or  other  insulating  material 

is  used. 

CONCLUSIONS 

Xo  single  .system  of  clothing  protection  can  be  .said  to  be  completely 
sui)erior  to  all  others.  Each  has  advantages  and  di.sadvantages.  Idie 
Eskimo  fur  clothing  is  jicrhaps  the  most  efficient  from  the  standpoint 
of  weight,  utility  and  simplicity,  but  it  is  costly  and  cannot  lie  iirovided 
in  large  quantities.  In  the  course  of  time,  .some  of  the  newer  principles 
such  as  the  Hrvnje  or  double  vapor-barrier  may  prove  most  desirable. 
Thus  far,  however,  no  clothing  suitable  for  an  actively  working  man 
can  iirovidc  protection  in  extremely  cold  weather  for  more  than  a  short 
period  when  the  man  stops  work  to  rest  or  stand  aroun.l,  or  to  sit  in  a 
convevance.  The  time  is  shortened  further  by  garments  which  are  m 
sufficiently  windproof  or  are  permitted  to  become  damp  from  excessive 

body  moisture. 
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THE  ACTIVITY  BALANCE  ZONE: 
ARCTIC  WINTER  TYPE 


The  final  clothing  zone  to  be  discussed  here  represents  the  extreme 
of  cold  stress,  conditions  under  which  comfortable  heat  balance  cannot 
be  maintained  by  any  simple  increase  in  clothing  insulation  alone.  Since 
its  limits  are  so  dependent  upon  the  endurance  of  the  individual,  it  is  not 
possible  to  define  this  zone  geograjihically. 

In  the  discussion  of  the  subarctic  winter  tyjie  it  was  shown  that,  by 
the  a])])lication  of  certain  basic  jirinciples  of  clothing  design,  piotection 
could  be  jirovided  against  temperatures  as  low^  as  any  known  to  occur 
on  earth,  as  long  as  a  man  continued  to  do  hard  muscular  wmrk.  It  is 
obvious,  how^ever,  that  sooner  or  later,  a  man  wdll  reach  the  limit  of  his 
energy  output,  and  once  his  activity  diminishes,  as  during  periods  of  rest, 
his  clothing,  even  of  optimum  design,  wdll  cease  to  be  cajiable  of  assuring 
protection  against  body  heat  loss. 

Increasing  the  thickness  of  insulation  in  clothing  eventually  follow's 
the  law^  of  diminishing  returns,  and  results  in  cumbersome  and  ineffective 
garments.  Thus,  even  at  temperatures  not  far  below^  freezing,  a  man 
in  overbulky  garb  may  still  be  cold. 

It  is  important,  therefore,  in  this  zone  of  extreme  cold,  to  give  consid¬ 
eration  to  measures  other  than  mere  clothing  to  protect  the  individual 
from  rapid  and  dangerous  heat  loss. 

As  stated  above,  the  boundary  limits  of  this  zone  dejiend  U])on  individual 
endurance,  an  extremely  variable  quantity.  Limitations  of  space  make 
impracticable  a  full  discussion  of.  all  the  physical,  emotional  and  psychic 
factors,  to  say  nothing  of  strictly  medical  conditions  influencing  a  man’s 
reactions  wdien  exposed  to  a  very  cold  environment.  It  is  sufficient  to  sav 


that  much  depends  upon  the  individual’s  ])revious  conditioning  through¬ 
out  the  entire  development  of  his  personality. 

For  some  individuals,  a  very  slight  degree  of  temperature  droj)  is 
enough  to  cause  a  marked  disinclination  to  tolerate  the  discomfort.  For 
others,  the  reaction  to  a  sharp  drop  in  temperature  may  be  one  of  keen 
zest,  and  an  almost  tingling  sense  of  well-being.  This  may,  how'ever,  tempt 
him  to  neglect  caution  to  the  jioint  of  endangering  himself  or  others 
not  similarly  conditioned  wdio  try  to  emulate  him.  Such  a  situation  is 
liable  to  happen  in  mountain  climbing  and  in  other  energetic  ])ursuits 
m  the  cold  where  periodic  high  activity  and  complete  cessation  due  to 
utter  fatigue  or  temijorary  impasse  puts  a  severe  strain  on  iirotective 
measures  against  heat  loss.  Hence,  it  is  most  important  in  this  zone  that 
the  individual  be  well  indoctrinated  and  constantlv  alert  to  all  possible 
echn.cs  an,  .levices  that  will  prevent  IkkIv  chilling  when  clothing  protec¬ 
tion  fails.  Unfortunately,  no  measure  hiiinanly  ilevisd  is  foolproof  The 
zone  of  extreme  cohl  is  rlistinctly  linfavorahic  for  imiivi, Inals  emioweil 
With  more  than  average  stupidity. 

.V  temperatures  well  helow  -3(1°  F.,  „n,l  es|,eciallv  aroiiml  -(io°  F 
or  helow,  It  has  been  observe,!  that  when  a  man  n'miertakes  extreme 
exertion  as  in  running  or  climbing  he  frequently  experiences  sliari,  iiTis 
111  his  chest  anil  may  occasionallv  siiit  blooil  \Vith  cnnlroll.  t  l  !i'- 
and  especially  with  the  avoidan'ce 'of  .nomh  tatldliri’mluehlli:? 
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IS  seen  even  at  temperatures  below  —80°  F.  by  experienced  sourdoughs 
and  trappers  running  with  their  dog  teams  *  For  less  experienced  indi¬ 
viduals  attempting  exertion  under  such  extreme  conditions  it  has  been 
ound  helpful  to  make  use  of  a  sjiecial  type  of  mask  which  preheats 
the  air  entering  the  nose  and  mouth  by  making  use  of  the  heat  of  the 
exhaled  breath. 

In  theory,  by  doubling  the  heat  output  of  the  liody,  one  doubles  the 
insulation  effectiveness  of  his  clothing.  Thus,  if  a  man  is  in  comfortable 
thermo-equilibrium  (skin  temperature,  91°  F.)  while  standing  around 
(70  kg.  cal./m.-/hr.  of  metabolic  output)  in  an  ambient  air  temperature 
of  32°  F.,  with  no  sun  and  with  wind  at  5  miles  per  hour,  he  would  have 
to  be  wearing  approximately  three  standard  layers  of  clothing  (3  clo) . 
^Mlen  this  man  begins  to  walk  or  work,  however,  and  doubles  his  heat 
output  (140  kg.  cal. /m. 2/hr.)  the  same  clothing  should  give  him  com¬ 
fortable  protection  at  an  ambient  temperature  of  — 27°  F.  (no  sun,  wind 
5  m.p.h.) .  2  (91°  — 32°)  =  118°  below  91°  or  27°  below  0°  Fahrenheit. 

lender  conditions  similar  to  those  just  given,  it  has  been  demonstrated 
at  the  Harvard  Fatigue  Laboratory  that  instead  of  the  protection  extend¬ 
ing  down  to  the  calculated  value  the  best  of  standard  clothing  had  an 
efficiency  of  only  60  per  cent.  The  40  per  cent  loss  was  inter])reted  as  being 
due  to  deterioration  in  insulation  caused  by  surging  air  or  bellows  action 
when  the  man  is  active. 

This  quantitative  finding,  however,  is  an  asset  when  a  man  who  is 
wearing  clothing  comfortable  for  idle  conditions  becomes  active  and 
through  such  automatic  ventilation  is  kejit  from  overheating  without 
having  to  open  his  clothing  for  ventilation.  It  is  a  liability  when  an  active 
man  finds  it  difficult  to  secure  the  full  theoretical  protection  of  the  warm¬ 
est  of  clothing  at  extremely  low  temperatures. 

It  should  be  jiossible  to  improve  insulation  for  low  temperatures  by 
inhibiting  bellows  action  within  the  clothing  layers.  Quilted  and  padded 
clothing  separated  by  layers  of  windproof  fabric  should  appreciably  in¬ 
crease  insulation  efficiency  with  activity.  This  procedure,  however,  ma\ 
be  undesirable  except  where  maximum  protection  is  required,  for  the 
beneficial  effect  of  the  ventilating  process  caused  by  the  bellows  action 
permits  a  given  assembly  to  be  used  over  a  wider  range  of  activity. 

As  was  shown  in  the  discussion  of  the  subarctic  winter  t^pe,  ma^ny 
different  princi])les  may  be  used  to  achieve  maximum  clothing  protection 
at  low  temperatures;  and  men  exqierienced  in  the  art  of  cold  weather 
living  frequently  disagree  on  the  anticipated  protection  from  any  given 

clothing  assembly.  „  ,  • 

l>art  of  the  difficulty  can  be  attributed  to  lack  of  skill  m  sizing  clothing 

and  to  variations  in  ventilation  technics;  however,  a  large  part  of  the 
difficulty  is  due  to  factors  which  are  frequently  included  under  the 

term  accusiomization.  p  . 

Individuals  who  are  exposi'd  to  low  temperatures  at  a  degree  of  •'ic^vity 
insufficient  to  ])roduce  comfortable  thermo-balance  must  learn  a  mn  titiide 
of  technics  which  may  increase  the  potential  value  of  their  protective 
clotliinsmanv  times.  In  tl,c  first  place,  tl.e  Imd.v  must  become  ncolmiatisod 
.  Personal  communication  from  Dr.  Dana  Coman,  at  Snag,  Yukon.  February,  1947. 
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SO  that  it  conserves  heat  to  the  maximum  extent.  Next,  it  is  necessary 
that  the  garments  are  so  fitted  that  there  is  maximum  dead  air  space  in¬ 
cluded  between  the  clothing  layers.  Finally,  there  is  the  art  of  ventilating 
to  avoid  sweating,  and  in  tightening  closures  to  control  too  rapid  loss  of 
body  heat.  Each  individual  has  to  learn  through  experience  how  to  per¬ 
form  these  tasks. 

No  amount  of  reading  will  ever  make  a  sourdough  out  of  a  tendeifoot 
upon  first  exposure  to  cold.  The  greenhorn  in  regions  of  extreme  cold 
is  apt  to  suffer  unmercifully,  whereas  the  experienced  person  has  not 
only  learned  to  tolerate  the  cold  but  is  efficiently  making  adjustments 
in  anticipation  of  his  body  heat  needs.  The  tenderfoot  opens  his  clothing 
after  he  has  started  to  sweat.  The  sourdough  never  reaches  the  point 
of  sweating  if  he  can  avoid  it.  The  tenderfoot  who  has  opened  his  clothing 
or  taken  off  a  garment  rarely  buttons  up  again  until  he  is  beginning  to 
shiver.  Pie  seems  to  want  to  impress  himself  or  others  with  the  appearance 
of  being  “tough  enough  to  take  it.”  The  sourdough  puts  his  clothing  on 
and  closes  up  before  he  begins  to  get  chilled,  and  he  stays  warmer 
much  longer. 

Another  factor  making  difficult  the  determination  of  adequate  clothing 
protection  in  severe  cold  is  the  corresponding  difficulty  in  estimating  the 
length  of  time  for  which  protection  is  needed.  For  example,  an  explorer 
who  is  fully  capable  of  taking  care  of  himself  on  the  trail  may  overlook 
the  fact  that  he  lives  under  a  virtual  regimen,  with  day  after  day,  the 
same  food,  same  hours  of  sleep  and  activity,  and  not  much  variation 
in  the  degree  of  activity;  and  that  under  unfavorable  conditions  such  as 
blizzards,  he  simply  holes  up  in  his  tent  and  rides  out  the  weather. 

The  soldier,  on  the  other  hand,  must  conform  to  military  requirements, 
and  may  frequently  be  pinned  down  by  fire  or  duty  assignment  preventing 
any  activity  and  leaving  him  exposed  for  many  hours  at  a  time.  Obviously, 
an  outfit  of  clothing  which  would  prove  adequate  for  the  explorer  or 
trapper  might  be  seriously  inadequate  for  military  use. 

Similarly  with  sleeping  bags,  an  explorer  might  say,  “I  have  slept  in  that 
bag  at  temperatures  of  sixty  below  and  found  it  perfectly  adequate.” 
Based  on  average  conditions  with  fairly  regular  meals  and  sleeping  periods 
such  a  statement  would  be  justified.  The  Army,  however,  needs  a  sleeping 
bag  offering  dependable  and  prolonged  protection  for  wounded  men  or 
other  casualties  who  might  have  to  lie  exposed  in  the  bag  for  several  days 

1  he  insulation  requirements  of  the  two  foregoing  situations  differ  con- 
siderably  and  it  would  be  fruitless  to  seek  agreement.  For  example,  many 
explorers  learn  to  sleep  with  their  bodies  cool,  and  may  stir  around  in  thei'r 
jags  every  hour  or  so,  adjusting  it  for  better  comfort.  The  laboratory 

assumes  that  the  bag  should  permit  six  to  eight  hours  of  unbroken  rest¬ 
and  lie  IS  apt  to  calculate  its  protective  value  on  the  basis  of  a  standard 
metabolic  rate  for  deep  sleep,  losing  sight  of  the  fact  that  half-conscious 

rsXi^sC^  “ 

Again,  contrasting  the  soldier’s  problems  with  those  of  the  i 
a  man  in  combat  may  find  himselAn  cramp:r,uare:sttdrorr’ 
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conditions  where  lie  is  not  able  to  move  about  freely  in  order  to  warm 
himself.  In  sneh  a  situation,  he  ean  increase  his  metabolic  heat  output 
by  contractiiifj;  his  muscles  as  deseribed  earlier  in  the  so-called  ‘‘fox¬ 
hole  exercise.” 

h or  the  man  who  lives  in  a  eold  region  and  is  able  to  control  his  working 
hours  at  will  so  that  when  he  is  eold  he  is  able  to  return  to  a  heated 
shelter,  most  aretie  clothing  designed  will  jirove  adecpiate. 

\\  hen  such  a  man  gets  eold,  he  inereases  his  aetivity.  If  this  fails  he 
gives  lip  and  goes  inside.  As  long  as  a  man  ean  keep  active,  the  jiroblem 
of  |)rotection  in  the  cold  can  generally  be  worked  out  satisfactorily.  The 
serious  jiroblem  ot  design  for  aretie  clothing  whieh  faces  organizations 
such  as  the  military,  is  in  desiring  above  all  else  to  provide  jirolonged 
protection  from  the  cold  regardless  of  aetivity.  Thus,  a  continnons  cpiest 
has  been  made  by  the  Army  Quartermaster  Corps  to  increase  the  jiro- 
tection  time.  Solution  of  this  jiroblem  has  been  attempted  by  several 
methods. 

.Vssnming  that  the  men  assigned  to  duties  involving  continnons  ex¬ 
posure  to  extreme  eold  can  be  aikapiately  protected  as  long  as  they  are 
kejit  active,  a  great  advantage  would  be  achieved  if  the  hours  of  activity 
could  be  increased.  This  means  that  if  men  did  not  become  tired,  and  did 
not  require  rest,  they  could  continue  at  exposure  to  — (iO  and  — 70°  F. 

The  exact  nature  of  sleep,  or  even  of  rest,  is  not  adequately  understood. 
If  no  mental  exertion  is  required,  a  man  can  keep  actively  moving  for  as 
much  as  seventy-two  hours  without  jiernianent  damage  to  the  body, 
assuming,  of  course,  that  adequate  food  is  available.  Ffforts  to  prolong 
wakefulness  to  longer  periods  have  resulted  in  deterioration  of  the 
higher  faculties. 

In  considering  jirevions  clothing  zones,  no  attemjit  \\as  made  to  discuss 
the  problem  of  ojitimnm  caloric  intake,  but  in  the  present  zone  of  extreme 
cold  stress,  the  relationship  of  food  to  clothing  efficiency  becomes  of  major 
importance.  With  the  best  of  clothing  iirotection,  in  this  zone  the  mere 
breathing  of  cold  air  and  the  relatively  restricted  areas  of  exposure  on 
the  face  account  for  a  large  loss  of  body  heat.  It  is  therefore  to  be  expected 
that  regardless  of  activity,  food  reciiiirements  increase  rapidly,  (generally, 
the  military  forces  and  well-organized  polar  expeditions  consider  a  snpiffy 
of  5(K)()  calories  a  dav  ade{inate  for  cold  weather,  and  8()()()  to  4()()()  calories 
adequate  in  warmer  regions  for  the  same  routine  of  activities 

At  the  present  time  it  appears  that  not  much  can  be  gamed  m  addi- 
tioTial  protoctio.i  l.y  any  concoivalilo  in.pnivcnKM.t  iti  .nere 
insulation  value  of  arctic  clotliins.  Whore  an  increase  ot  400  oi  .!(KI  |  u 
coni  is  nceiloil,  artificial  heating  within  the  clothing  asscmhi.r  appe.  s 

*'’l')nring  tTic  yrars  of" Viirhl  War  II.  artificial  heat  was  ileveloped  for  air 
crews.  I’ilots  flirceil  to  remain  in  a  cramped  |M,sition  at 


in  exlrcinelv  low  temperatures  fre.piently  liecame  inellicient  at  crucni 
moments,  and  there  were  a  high  miini.er  of  casualties,  not  to  nun 

kLh:;;  snmoleni  m  Hea,  the  clothing  and  maintain  comfort 
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was  easily  available.  Resistance  elements  were  woven  into  clothing  in 
such  a  way  as  to  stand  continued  wear  and  tear  due  to  body  mov  ements, 
for  a  broken  connection  meant,  of  course,  a  cold  suit.  Heat  was  at  first 
apjilied  directly  to  the  hands  and  feet,  but  this  was  soon  found  inefficient 
and  dangerous.  Later,  heat  was  applied  ])rimarily  to  the  torso,  arms  and 
legs,  and  by  keeping  these  parts  sufficiently  warm,  the  hands  and  feet 
kept  warm.  If  the  hands  and  feet  were  heated  as  well  as  the  l)ody,  there 
was  a  tendency  for  tired  crew  members  to  become  fatally  drowsy  when 
it  was  essential  to  be  alert.  By  keeping  the  hands  and  feet  cool  and  jiart 
of  the  body  under  vasoconstriction,  both  alertness  and  comfort  were 
maintained. 

In  constructing  the  electrically  heated  suit,  considerable  saving  in 
jiower  was  achieved  by  placing  the  heating  elements  as  close  to  the  skin 
as  jiracticable,  covering  them  with  normal  clothing  insulation.  Heated 
garments  placed  outside  of  the  other  clothing  layers  lost  much  of  their 
heat  directly  to  the  environment. 

Electrically  heated  suits  have  many  conveniences.  They  can  be  operated 
by  thermostat  control,  or  adjusted  manually.  By  sjiacing  the  wires  or 
varying  the  resistors  more  heat  can  be  sujiplied  to  one  area  than  another. 
These  suits  are  frequently  able  to  supply  warmth  equivalent  to  seven  to 
ten  times  the  liasal  metabolic  rate. 

An  electrically  heated  suit  has,  however,  several  notable  deficiencies. 
First,  it  is  subject  to  broken  connections  or  power  failure.  Second,  an 
aviator  forced  to  bail  out  over  an  arctic  area  finds  himself  in  an  unheated 
suit  not  particularly  efficient  as  clothing  insulation. 

Flyers  subject  to  such  conditions  need  a  combination  of  efficient  cloth¬ 
ing  plus  electrical  heating.  This  assumption  has  not  always  met  with 
favor  at  the  hands  of  aviators  who  dislike  bulky  elothing  and  prefer  the 
more  closely  fitting  electrically  heated  suits.  This  has  led  to  the  develop¬ 
ment  of  bail-out  flags  which  provide  spare  clothing  for  emergency. 

The  greatest  disadvantage  of  the  electrically  heated  suit  is  that  it  re¬ 
quires  a  power  supply.  It  can  be  utilized  in  tanks  and  other  vehicles,  and 
at  any  other  point  where  power  is  available,  but  it  rapidly  becomes 
inefficient  when  w^orn  by  a  man  moving  about  on  the  ground,  since  he 
is  tied  to  his  powder  supply. 

Up  to  the  present  no  batteries  or  small  generators  of  adequate  powder 
have  been  devised  that  are  sufficiently  light  to  be  carried  on  the  bodv. 
Considerable  research  is  being  conducted  in  an  effort  to  find  such  a  ])ow4r 
source  for  this  imriiose.  The  most  efficient  generators,  however,  are 
frequently  too  noisy  to  be  used  in  connection  wdth  heating  garments  for 
military  iiurposes,  or  to  lie  iiseil  in  place  of  stanilar.l  sleeping  equipment. 

The  need  of  nonelectric  artificially  heated  elothing  has  been  recognized 
tni  many  years,  pieinical  heating  pads  have  been  used,  but  these  are 
often  limited  to  short  periods  of  usefulness,  may  ,,rodiice  hot  spots  and 
geneially  seem  to  have  more  p.sychological  value  than  dependable  worth 
.  iiioinising  heat  sonree  may  be  developed  from  the  catalytic  tvpes  For 
painple,  sponge  plntiniim  in  asbestos  fibers  over  a  chamber  of  v'aporizina 
gasoline  or  alcohol  inamtams  a  glowing  ember  which  can  be  controlled 
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by  control  of  the  oxygen  supply.  Small  hand  warmers  of  this  type  have 
long  been  available,  and  continue  to  give  off  a  steady  warmth  for  more 
than  twenty-four  hours  with  approximately  an  ounce  of  fuel. 

Experiments  with  such  small  warmers  strapped  against  the  body  have 
not  proved  practical.  Hot  spots  developed,  and  heat  transfer  to  the  body 
w'as  inefficient. 

In  attempting  to  solve  the  problem  of  an  artificially  heated,  nonelectrie, 
arctic  clothing  assembly,  it  has  recently  been  recommended  that  the 
feasibility  of  heat  distribution  based  upon  the  circulation  of  heated  liquid 
in  a  plexus  of  suitable  tubing  applied  close  to  the  body  wall  be  studied. 
Slow'  burning  catalytic  heaters  carried  in  pockets  might  furnish  the  pri¬ 
mary  heat  to  the  circulating  liquid,  the  latter  in  turn  transferring  heat  to 
the  body  as  it  circulates  somewdiat  like  the  venous  or  lymphatic  systems, 
i.e.  by  one-way  valves  and  local  compressions  from  museular  movements 
and  respiration. 

A  vestlike  garment  might  be  constructed  to  hold  such  an  apparatus, 
and  the  heat  source  might  be  modified,  as  could  the  eirculating  impulse; 
also  there  must  be  ])rovision  for  a  nonfreezing,  noninflammable  circulat¬ 
ing  liquid,  and  nonleaking  tubing;  and  for  adequate  ventilation  followung 
the  Brynje  princii)les.  Also,  the  help  of  physiologists  w'ould  be  required  to 
determine  w'hat  areas  can  most  efficiently  accept  heat  and  in  wdiat  quan¬ 
tities.  By  circulating  a  refrigerated  liquid,  the  same  system  could  help  in 
situations  involving  heat  stress. 

The  great  advances  in  clothing  design  of  the  future,  particularly  in 
conditions  of  thermal  stress,  w'ill  most  likely  be  along  lines  of  artificial 
control  of  the  temperature  of  the  individuars  own  immediate  environ¬ 
ment.  Research  in  this  field  should  be  most  fruitful. 

In  the  zone  of  extreme  cold,  w'here  normal  clothing  methods  fail  to  give 
adequate  protection,  the  solution  to  the  problem  of  keeping  warm  appears 
to  be:  (1)  to  increase  the  basic  food  intake,  particularly  in  the  high 
caloric  items;  (2)  to  increase  activity  in  order  to  assure  prolonged  periods 
of  comfortable  heat  balance;  (3)  to  secure  well-insulated  shelter  as  soon 
as  energy  is  no  longer  available  for  prolonged  activity;  and  (4)  for  con¬ 
ditions  under  w'hich  the  foregoing  are  still  inadequate,  to  add  an  artificial 
heat  source  to  supplement  body  heat  production. 
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DEFINITIONS 


Basal  Metabolism:  The  metabolism  while  resting  (lying  down)  but 
awake  in  the  postabsorptive  state.  It  is  stated  as  the  calories  pioduced 
j)er  square  meter  of  body  surface,  this  being  calcnlated  from  the  meas¬ 
ured  consiimi)tion  of  oxygen  and  the  measurements  of  height  and  weight. 

The  average  value  declines  throughout  life,  being  50  Calories  per 
square  meter  at  nine  years,  40  at  23,  and  35  at  65  in  normal  human 
males,  and  about  10  per  cent  lower  in  females.  Apparently  normal 
people  will  run  habitually  as  much  as  10  or  rarely  even  15  per  cent  above 
or  below  these  values.  In  comparisons  lietween  species  it  is  found  that 
the  smaller  the  s])ecies  the  higher  the  metabolism.  (DuBois,  E.  F.:  Basal 
Metabolism  in  Health  and  Disease.  Philadelphia,  Lea  &  Febiger,  1936.) 

Caloric  Content  of  the  Body :  The  difference  between  the  number  of 
calories  actually  in  the  body  and  the  numl>er  there  would  be  under 
certain  arbitrary  conditions;  namely,  if  the  body  were  all  at  the  same 
temperature  and  this  temperature  were  absolute  zero,  zero  Fahrenheit 
or  zero  Centigrade,  or  some  other  set  figure. 

The  caloric  content  is  calcnlated  from  the  mean  skin  temperature 
(see  below)  and  the  i-ectal  temperature,  the  former  being  weighted 
one-third  and  the  latter  two-thirds.  Its  absolute  value  is  often  uncertain, 
since  under  many  conditions  it  is  found  that  neither  the  mean  skin 
tem])erature  nor  the  rectal  temperature  can  be  measured  with  precision. 

Clo:  The  do  is  a  unit  of  insulation  and  is  the  amount  of  insulation  neces¬ 
sary  to  maintain  comfort  and  a  mean  skin  temperature  of  92°  F.  in  a 
room  at  70°  F*.  with  air  movement  not  over  10  feet  ])er  minute,  humidity 
not  over  50  per  cent,  with  a  metabolism  of  50  Calories  per  square  meter 
per  hour.  On  the  assumption  that  76  per  cent  of  the  heat  is  lost  through 
the  clothing  a  clo  may  be  defined  in  ])hysical  terms  as  the  amount  of 
insulation  that  will  allow  the  passage  of  1  Calorie  per  square  meter  per 
hour  with  a  temperature  gradient  of  0.18°  C.  between  the  two  surfaces. 


1  do  = 


0.18°  C. 
cal. /sq.m. /hr. 


(Gagge,  A.  P.,  Burton,  A.  C.,  and  Bazett,  H.  C.:  Science  94.'428,  1941.) 

The  ordinary  business  clothing  of  men  has  an  insulation  value  of 
about  1  do.  The  best  clothing  has  in  practice  a  value  of  about  4  clo  per 
inch  of  thickness.  The  theoretical  value  for  absolutelv  still  air  has  been 
estimated  as  7  clo  per  inch  at  18°  C.  (Clothing  Test  Methods,  p.  91  ) 
Effective  Temperature:  An  index  of  the  warmth  felt  by  the  human  body 
on  eximsure  to  various  temperatures,  humidities  and  air  movements 
with  walls  and  air  at  the  same  temperature.  The  scale  of  effective 
temperature  has  been  fixed  liy  the  temperature  of  still  and  saturated 
air  which  feels  as  warm  as  the  given  conditions.  For  example,  anv  air 
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condition  has  an  effective  teniiieratnre  of  00°  F.  when  it  feels  as  warm 
as  still  air  at  00°  saturated  with  water  vapor. 

Insulation  Value  of  Clothing:  Usually  the  insulation  (number  of  clo) 
of  the  clothing  as  worn  and  not  the  insulation  of  the  fabrics  alone. 

Light  Activity:  Activity  requiring  from  00  to  100  Cal./m.2/hr.  (basal 
metabolism  is  included) . 

Mean  Skin  Temperature:  The  skin  temjierature  as  determined  by  meas- 
uiing  the  temperature  of  the  surface  of  the  liody  in  various  places  and 
weighting  the  measurements  as  follows:  feet  7  per  cent,  lower  leg  13  per 
cent,  upper  leg  19  per  cent,  trunk  35  per  cent,  arms  14  per  cent,  hands 
5  per  cent,  head  7  per  cent.  These  proportions  have  not  been  universally 
followed. 

Met :  A  metabolic  rate  of  50  Cal./m.2/hr.  which  is  the  ordinary  metabolism 
of  a  man  seated  at  a  sedentary  task. 

Metabolic  Rate:  The  sum  of  the  heat  and  the  external  work  produced  by 
an  organism  in  a  given  time  (see  table  on  p.  448) .  The  fundamental 
measurement  is  bj'  calorimetry,  but  in  practice  it  is  measured  by 
oxygen  consumption. 

Net  Metabolic  Cost:  INIetabolism  due  to  the  activity  alone,  the  basal 
metabolism  (about  40  Cal./m.2/hr.)  being  substracted  from  the  total. 
For  example,  light  activity  (see  above)  has  a  net  metabolic  cost  of 
20  to  60  Cal./m.2/hr.  and  work,  heavy  (see  below)  has  a  net  metabolic 
cost  of  240  to  340  Cal ./m. 2/hr. 

Sedentary  Occupation:  An  occupation  not  requiring  more  than  65 
Cal./m.2/hr. 

Wind  Chill:  That  part  of  the  total  cooling  that  is  due  to  the  action  of 
wind.  This  term  is  used  almost  exclusively  in  connection  with  cool  or 
cold  climates. 

Work,  Light  (for  young  men)  :  Work  requiring  100  to  180  Cal./m.2/hr. 
(basal  metabolism  is  included) . 

Work,  Moderate  (for  young  men):  Work  requiring  180  to  280 
Cal./m.2/hr.  (basal  metabolism  is  included). 

Work,  Heavy  (for  young  men):  Work  requiring  280  to  380 
Cal./m.2/hr.  (basal  metabolism  is  included). 

Work,  Exhausting  (for  young  men):  Work  requiring  over  380 
Cal./m.2/hr.  (basal  metabolism  is  included). 


MISCELLANEOUS  FIGURES 


Metabolic  Cost  of  Various  Activities.  The  following  table  giving 
metabolism  and  a  few  other  variables  for  different  grades  of  work  is  only 
a  rough  approximation.  Individuals  of  the  same  age,  sex,  health,  and 
about  the  same  degree  of  training  may  vary  ±10  per  cent  from  the  average 
and  even  the  same  individual  will  vary  about  that  amount  with  his  state 
of  training.  For  example,  one  series  of  twenty-three  active  healthy  men 
between  18  and  41  years  of  age  jogging  at  5.8  m.p.h.  on  the  level  with  an 
average  metabolism  of  345  Cal./ni.^/hr.  (just  less  than  No.  14  in  the 
table)  showed  a  range  from  275  to  430.  The  figure  for  sprinting  is  prac¬ 
tically  meaningless  as  no  one  can  approach  a  steady  state  at  this  rate  of 
metabolism,  and  different  men  will  vary  greatly  in  the  amount  of  oxygen 
debt  they  can  run  up. 

The  metabolism  has  been  expressed  in  seven  different  ways  as  different 
writers  have  used  different  units.  One  assumption  has  been  made  in  the 
conversions  from  m.^  to  kg.,  namely  that  the  average  man  has  268  sq.  cm. 
of  surface  per  kilogram.  Actually  this  figure  varies  from  235  to  285  from 
one  normal  individual  to  another. 

The  “sundry  variables”  in  the  second  half  of  the  table  are  included  to 
give  a  general  idea  of  about  how  hard  the  various  grades  of  work  are.  It 
must  be  realized  that  all  the  figures  except  the  efficiency  will  vary  greatly 
from  one  individual  to  another.  The  time  that  a  man  can  maintain  a  pace 
of  4  m.p.h.,  for  example,  is  given  as  eight  hours.  Many  men  would  be  quite 
tired  in  two  to  three  hours  while  others  could  continue  for  twelve  or  fifteen. 
Similarly,  a  marathon  runner  will  maintain  a  pace  of  10  m.p.h.  for  two  and 
one-half  hours.  Some  young  men  find  five  minutes  impossible.  The  heart 
late  and  the  ventilation  will  show  great  differences  (±25  per  cent),  but 
in  general  are  more  constant  than  the  time  that  the  work  ’  can 
be  maintained. 


Surface  Area  vs.  Weight.  The  value  for  square  centimeters  of  body 
surface  per  kilogram  of  body  weight  varies  from  235  in  men  who  are 
stocky  but  not  obese  to  285  in  those  who  are  lanky  without  being 
emaciated.  The  average  figures  are  about  268.  The  reciprocal,  kilogram 
per  square  meter,  is  37.5  on  the  average. 

f  ^2-  The  Calories  per  liter  of  Oo  vary  with  the 

foodstuffs  as  follows:  fat  4.5,  carbohydrate  5.07,  protein  4  6  (for  aonroxi- 
mate  work  can  be  called  4.8) .  v  i  i  - 

Calories  per  Gram  of  Foodstuffs.  Fat  9.4,  carbohydrate  4.1  protein  4  3 

Clothing.  Street  clothing  adds  less  than  5  per 
n  walking  and  running  if  the  added  weight  is  Lt 

counted.  It  weighs  6  or  7  pounds  more  than  running  shorts  and  sneakers 

uiZenfld  il  'i'^  pounds' more  than  rS 

equipment,  and  its  hampering  effect  on  movements  mav  add  aoDroxi 

extra  weighr'ThesVfi  "'“u  ‘'’®  ’'"Po^^d  by  the 

extra  weight.  These  figures  will  vary  greatly  with  fit.  ^ 
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Metabolic  Costs  of  Various  Activities  for  an  Active  Man,  20  to  30  Years  of  Age  and  in  Good  Condition 
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Note:  For  athletes  in  excellent  training  the  efficiency  will  be  slightly  greater  and  tlie  maximum  capacity  perhaps  20  per  cent  greater  than  the  figures  in 
this  table  indicate.  For  women  the  basal  rate  is  approximately  10  per  cent  lower  and  their  maximum  capacity  considerably  lower  than  the  table  shows  but 
the  efficiency  is  not  very  different.  The  figures  in  the  table  are  for  a  man  very  slightly  clad  and  in  light  shoes.  Ordinary  clothing  with  Army  boots  will  add 
approximately  5  per  cent  to  the.se  figures  and  heavy  arctic  clothing  may  add  over  20  per  cent  to  the  metaboli.sm  required  to  maintain  a  given  speed  on  the 
treadmill. 


CONVERSION  FACTORS 

Units  of  Transmission  of  Heat: 

1  Cal.  /m.2/hr. /“  C.  =  0.278  Cal.  /m.2/.sec./°  C.  =  0.20.'>  B.T.U./ft.2/hr./°  F. 

1  Cal.  /m.2/sec./°  C.  =  0.7.S8  BTU/ft.2/hr.  /“  F.  =  3.0  Cal.  /ni.2/hr./“  C. 

1  BTU/ft.2/hr. /°  F.  =  1.355  Cal.  /in.2/sec./°  C.  =  4.88  Cal.  /m.2/hr./°  C. 

Units  of  Resistance  to  the  Transmission  of  Heat  (Insulation)  : 

1  do  =  0.88“  F.  X  hr.  X  ft-VBTU  =  0.18“  C.  X  hr.  X  m.2/Cal. 

=  0.648“  C.  X  sec.  X  m.2/Cal. 


1“  c. 

X 

hr.  X 

m.2/Cal. 

4.88“  F. 

X 

hr. 

X 

ft.2/BTU 

3.6“  C. 

X 

sec. 

X 

m.2/Cal. 

5.56  do 

1“  c. 

X 

sec.  X 

m.2/Cal. 

1.355“  F. 

X 

hr. 

X 

ft.2/BTU 

0.278“  C. 

X 

hr. 

X 

m.2/Cal. 

1.54  do 

1“  F. 

X 

hr.  X 

ft.2/BTU 

0.738“  C. 

X 

sec. 

X 

m.2/Cal. 

0.205“  C. 

X 

hr. 

X 

m.2/Cal. 

— 

1.138  do 

Units  of 

Work: 

1  Cal. 

:  1.1116 

watt  hours  ; 

=  3.97  BTU 

=  1000 

cal. 

=  427  kg.  m.  =  3088  ft.lbs.  =  0.094  horsepower  minutes 
=  41.33  liter  atm. 

Units  of  Power: 

1  Cal./hr.  =  1.16  watts  =  3.97  BTU/hr.  =  0.278  cal./sec. 

=  0.119  kg.m./sec.  —  0.854  ft.lbs./.sec. 

=  0.00156  horsepower 
=:  about  2.1  liters  Ou/hr. 
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Aborigines,  of  Australia,  31 
of  South  America,  27 

Acclimatization  to  heat.  See  Heat  adaptation. 
Accustomization,  438 

Activities,  various,  and  metabolism,  447,  448, 
449.  See  also  Exercise. 

Adaptation  to  climate  among  non-European 
peoples,  3-67 
cold,  4-35 
heat,  35-67 

Adrenalin  injection  and  temperature  control, 
178 

Adrenalin  secretion  and  cold,  126,  140 
Air  insulation.  Burton’s  standard  values,  295 
Air,  insulation  value  of,  144 
Air  movement,  and  clothing,  348 
measurement,  71 

Air  permeability  of  fabrics,  296,  309 
Air  temperature  and  evaporation,  105 
measurement  of,  70 
Air,  thermal  conductivity  of,  300 
Alcohol,  in  hot  countries,  42 
Altitude,  effects  of,  358 
Anemometer,  hot  wire,  72 
Arctic  zone,  326,  437 

animal  and  vegetable  life,  5 
climate,  5,  327 

Arteriovenous  anastomoses  and  hyperemia 
of  cold,  245 

Artificial  heat  in  clothing,  440 
Artificial  sweating  man  apparatus,  309 
Asia,  central,  peoples  of,  22 
Australian  aborigines,  31 
clothing,  32 

experimental  investigations,  33 
habitations,  32 

Basal  metabolism,  definition,  445 
heat  and,  114,  221 
work  and,  222 
Bedouins,  clothing,  50 
food,  50 
habitations,  49 
Black  body  radiator,  81 

Blood  flow  measurement  in  various  body 
areas,  244 

Blood  flow,  skin,  measurement  of,  240-242 
Blood  pressure,  cold  and,  183 
heat  and,  124,  127,  203 
Blood  volume,  180 

circulatory  adjustment  and,  206 
heat  and,  124,  126,  185 
increase,  mechanisms,  124 


Bodily  activity  and  cold  protection,  352,  353 
359 

Body,  caloric  content  of,  definition,  445 
Body  temperature  adjustment  and  endocrine 
activity,  119 
average,  at  rest,  127 
changes  in,  224 
control  centers,  159 
deep,  measurement  of,  70,  75 
regulation  of,  127 
distribution  after  exercise,  134 

of  nude  resting  individuals,  129,  130 
exercise  and,  134 
extreme  limits,  263 
internal,  and  sweating,  210 
mean,  224 

measurement  of,  70,  75 
deep,  75 

exposed  skin  and  clothing,  75 
sites  chosen  for,  248 
skin  under  clothing,  76 
metabolism  and,  221 
nervous  control  of,  155 
regulation  of,  109-186 
skin,  measurement,  75 

of  nude  individual,  129,  130,  131 
thermal  gradients  in,  132,  133,  134 
work  and,  226 
Boots.  See  Footgear. 

Brain,  temperature  of,  and  thermal  control, 
156 

I^rynje  method  of  clothing,  435 
Brynje  vest,  428 

Caloric  content  of  body,  definition,  445 
C  alorimeter  and  plethysmograph,  diagram, 
251 

description,  252 

hand,  results  with,  253,  254,  255 
(  alorimetry  of  hand,  methods,  251 
(  ardiac  output  under  thermal  stress,  268 
Chinese,  clothing,  23 
houses,  22 
Chloride.  See  Salt. 

Chukchee,  clothing  of,  16 
divisions  of,  12 
habitat,  12 
health  of,  13 

Circulation,  cutaneous,  203 
measurement  of,  in  various  body  areas,  243 
posture  and,  205 

Circulatory  adjustments  to  heat,  202 
Civilization,  definition,  36 
451 


452 


INDEX 


Civilization,  Egyptian,  37 
Hindu,  52 
Islamic,  40 
Mayan,  37,  58 
Su  meric,  37,  43 

(  limate,  adaptation  to,  among  non-European 
peoples,  3-07 
arctic,  5,  327,  437 
Australian,  31 
clothing  and,  389-442 
desert,  325,  330,  397 
Egyptian,  38 

hot,  and  basal  metabolism,  221 
footwear  in,  349 
Mayan,  58 
of  Syrian  desert,  47 
private,  94 
subarctic,  403,  429 
subtropical,  403 
Sumerian,  43 
troi)ical,  320,  338,  3J)0 
Yahgan,  28 

Climatic  conditions,  and  heat  production, 
325 

Climatic  heat  and  cold,  physiological  response 
to,  2(i2 

Clo  unit,  definition,  445 

Clothing,  air  movement  and,  294,  348 
amounts  of,  comparison,  330 
artificial  heat  for,  440 
climate  and,  389-442 
colors  of,  337 
in  desert,  401 
comparison,  factors  in,  341 
in  desert  heat,  335 
conduction  of  heat  through,  290 
effect  of  heat  exchange,  190,  197 
fabrics  and  ratliation,  301 

physical  properties  of,  291-318 
structural  properties,  291 
heat  strain  and,  339 
impermeable,  351 

impregnation  of,  and  heat  increase,  .140 

in  arctic  zone,  437 

in  desert,  330,  338,  397-403 

in  dry  heat,  .345 

in  humid  heat,  342 

in  subarctic  zone,  4.30 

in  subtropics,  |)rinciples,  400 

in  temperate  cohl  zone,  419 

in  temperate  cool  zone,  411 

in  tropics,  338 

insulation  value  of,  definition,  440 
estimation,  413 
layer  principle,  412 
of  Australian  aborigines,  32 
of  Iledouin.s,  50 
of  Chinese,  23 
of  Chukchee,  10,  17 
of  Egyptian,  40 


Clothing  of  Eskimo,  9,  10,  4.33 
of  Islanis,  40 
of  Javanese,  55 
of  Koryak,  19 
of  Mayas,  0.3 
of  Mongols,  24 
of  Sumerians,  45 
of  Yahgan,  29 
principles  in  tropics,  .394 
protective,  in  water  immersion,  373 
radiation  and,  195,  190,  197 
temperature,  measurement  of,  75 
textile  fibers,  299 

thermal  insulation,  factors  affecting,  .302 
methods  of  evaluation,  300 
ventilation  of,  .347 
warmth  of,  explanations  for,  328 
water-repellent,  .350 
water-resistant,  350 
water-tight,  .374 
water  vapor  and,  305 
zones,  types  of,  ,389 
Cold,  adaptation  to,  4 
physiologic,  232 
time  secpience  and,  182 
arctic,  320 

climatic,  and  physiologic  response,  202-275 
dry,  protection  against,  351 
efi'ect  on  peripheral  vessels,  175 
exposure  to,  203 
acute,  234 
chronic,  237 
duration  of,  354 
of  naked  people,  20 

hyperemia  of,  and  arteriovenous  anasto¬ 
moses,  245 

nervous  response  to,  124 
physiologic  nun  hanisms,  232 
protection,  altitude  as  factor,  358 
bodily  activity  and,  352,  353,  359 
environmental  factors,  .35.3 
of  hands,  .374 
wind  and,  355,  .350 
Cold  .sensation,  receptors  for,  109 
stimulation  of,  172 
Cold,  tolerance  tests  for,  105 
('old,  wet,  protection  against,  307 
Color  of  fabric,  effect  of,  .‘547 
importance  of,  337 
in  desert,  401 

Comfort,  indices  of,  277-280 
('omfort  standards,  282 
( 'omirre.ssometer,  292 
Comluction,  thermal,  88,  320 
laws  of,  88 

measurement  of,  summary,  92 
of  tissues,  204 
Convection,  92 
definition,  92 
forced,  90 
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Convection,  heat  exchange  and,  197 
heat  loss  by,  3:20 
natural,  93 

Conversion  factors,  4.50 
('ooling  constant,  '253 

Cotton  fabrics,  comparison  of  water-ab¬ 
sorbent,  341 

measurements  on,  299,  340 
('utaneous.  Sec  Skin. 


Definitions,  445 
Dehydration,  218 
circulatory  adjustment  and,  207 
Desert,  clothing  in,  330,  397-403 
environmental  conditions  in,  397 
footgear  in,  402 
headgear  in,  334 

Desoxycorticosterone,  effect  of,  220 
Dogs,  hyperpnea  in,  228 
Dress.  See  Clothing. 

Dry  cold,  protection  against,  351 
Dry  hot  countries,  37 
Drying  rates  of  fabrics,  317 
Dufton’s  eupatheoscope,  277 

Eddy  effusion,  320 
Effect,  physiological,  index  of,  284 
Effective  temperature,  277 
charts,  278,  279 
definition,  445 
Egypt,  civilization,  37 
clothing,  40 
housing,  41 
Emi.ssivity,  81 
factors  affecting,  195 
table  of  low  temperature,  81 
Endocrines  and  temperature  control,  119,  177 
Energy  exchange,  experiments  on,  138,  139 
surface  and,  113 

Environment,  average  radiant  temperature 
of,  87 

heat  exchange  and,  78 
hot,  effect  of,  on  heat  conduction,  204 
Environmental  conditions,  de.sert,  397 
subarctic  zone,  429 
subtropics,  403 
temperate  cold  zone,  419 
temperate  cool  zone,  408 
thermal  comfort  and,  357 
Environmental  factors,  measurement  of,  70 
of  radiant  temperature,  87 
Eskimo,  adaptation  to  cold,  4 
houses,  0 
heating,  8 

schematic  drawing,  7 
method  of  clothing,  9,  10,  433 
Evaporation,  99,  198,  208 
air  temperature  and,  105 


Evaporation,  clothing  and,  305 
heat  loss  and,  321,  327 
humidity  and,  201 
Exercise,  foxhole,  419 
heat  loss  and,  117 
heat  production  and,  112,  137 
temperature  distribution  and,  134 
thermal  balance  regulation  and,  117 
Extremities,  blood  flow  measurement  in,  243 
heat  loss  and,  115 
in  heat  adjustment,  230 
temperature  changes  in,  104,  100,  107 

Fabkics,  299 

air  movement  and,  348 
color,  effect  of,  347 
comparison  of  thickness,  297,  298 
in  tropical  heat,  345 
drying  rates  of,  317 
for  gloves,  analysis  of  problems,  375 
infra-red  barrier,  304 
insulation  values,  estimation  of,  413 
factors  affecting,  302,  304 
layers  of,  effect  of,  347 
physical  measurements  of,  340 
porosity,  air  permeability  and,  308 
methods  of  measurement,  309 
radiation  and,  301 
thickness,  measurement  of,  292 
vapor  resistance  of,  comparison,  347 
water-absorlient,  comparison  of,  341 
waterproof,  evaluation,  407 
water-repellent,  359 
water-resistant,  350 
wool,  advantages,  328 

Fauna  and  flora  of  Northeastern  Siberia,  12 
Eilierglass,  430 

Fillers,  moisture  absorption  capacity  of,  305 
Fingers,  blood  flow  measurement  in,  243 
Food,  Egyptian,  41 
.Javanese,  57 
Mayan,  02 
of  Bedouins,  50 
Sumerian,  44 
I'\)ot,  immersion,  308 
insulation  of,  and  temperature,  308 
trench,  370 
I’^ootgear,  ('hinese,  23 
in  desert  heat,  337,  402 
in  hot  climates,  349 
in  prevention  of  trench  foot,  370 
in  temperate  cold  zone,  427 
of  liskimos,  9 
of  Mongols,  24 
researches  on,  410 
Bussian  army  method,  435 
U.S.  Army  in  subarctics,  430 
Foxhole  exercise,  419 
Erigorism,  308 
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Frostbite,  368 
Fuegians,  27 

Furs,  for  clothing,  Eskimo,  9 

Gas  masks  and  heat  strain,  335 
Globe  thermometer,  73 
Gloves  as  protection,  analysis  of  problems, 
375 

in  temperate  cold  zone,  427 
in  temperate  cool  zone,  417 
insulation  by,  379 
Goggles,  use  of,  335 
Grease,  used  in  water  immersion,  373 
Grenzschicht,  94 


Habitations  of  Australian  aborigenes,  32 
of  Bedouins,  49 
of  Chinese,  22 
of  Chukchee,  12,  13 
of  Egyptian,  41 
of  Eskimo,  4,  6,  7 
of  Javanese,  56 
of  Koryak,  18 
of  Mayas,  61 
of  Mongols,  typical,  24 
of  Sumerians,  44 
of  Yahgans,  29 
underground,  19 

Hand,  blood  flow  measurement  in,  243,  245, 
246 

calorimetry  of,  146,  148,  251 
cold  tolerance  time,  384 
protection  of,  against  cold,  374 
sweating  of,  and  heat  loss,  258 
temperature  changes  in,  164 
Ilandgear.  See  Gloves. 

Hatch’s  method  for  calculath)n  of  tolerance 
time,  384 

Head,  exposure  of,  418 
Headgear  in  desert  heat,  334 
in  temperate  cold  zone,  427 
in  tropics,  396 

U.S.  Army,  in  subarctic,  436 
Heart  rate  and  heat  stress,  269 
I  leat.  See  also  Thermal. 

Heat,  adaptation  to,  among  non-European 
peoples,  35 
circulatory,  202 
physiological,  202 
time  sequence  and,  184 
artificial,  in  clothing,  440 
balance,  regulation  of,  118 
motor  mechanisms,  122 
circulatory  adjustments  to,  202 
climatic,  and  physiological  response,  2()2- 
275 

conduction,  204 
laws  for,  88 


Heat  conservation  center,  159 
control,  arterial  and  venous  temperatures 
as  factors,  147 

insensible  perspiration  in,  150 
nervous  centers  of,  119 
sensory  reflex  factors  in,  163 
desert,  clothing  in,  330 
dry,  325 

dissipation  center,  159 
dry,  and  clothing,  345 
exchange,  78,  114,  193.  See  also  Ileai 
transfer. 

humid,  effect  of  clothing  in,  342,  348 
loss,  78,  114,  193.  See  also  Heat  transfer. 
moist  tropic,  326 
nervous  response  to,  122 
physiological  adjustments  to,  193-228 
production,  estimation  of.  111 
locality  of,  112 
reduction  of,  114 
regulation  of,  136 
sex  differences  in,  141 
regulation,  balance,  110 
hypothesis  on,  109 
strain,  and  skin  exposure,  342 
physiological  evidence  for,  339 
tolerance  index,  285 
transfer,  78-108,  114,  193 

and  environment,  methods  of  adjust¬ 
ment,  114 
and  exercise,  117 
by  conduction,  88-92,  320 
measurement,  92 
by  convection,  92-99,  320 
by  evaporation,  99-106,  198,  .321 
by  radiation,  79-88,  195,  .321 
by  sweating,  153,  198 
equation  for,  78 
factors  in,  233 
from  hand,  146 
from  lungs,  259 
in  water,  370 

mechanisms  of  nerve  receptors,  121 
methods  of,  320 
physiologic  mechanisms,  202 
regional,  240-260 
resistance,  270 

tropical,  comparison  of  fabrics  in,  345,  346 
water-resistant  clothing  and,  350 
Heating  arrangements,  Chinese,  22 
of  circumpolar  peoples,  21 
of  Eskimo  houses,  8 
Heberden’s  heated  thermometer,  2/7 
Hill’s  kata  thermometer,  277 
Hindu  civilization,  52 
Hormones  and  heat  production,  140,  141 
Hot  wire  anemometer,  72 
Houses.  See  Habitations. 

Humid  heat,  and  fabrics,  348 
effects  of  clothing  in,  342 
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Humidity,  evaporation  and,  201 
heat  strain  and,  339 
measurement  of,  70 
Hygrometers,  70 

Hyper-and  hypothyroid  individuals,  tem^ 
perature  differences  in,  129,  130,  131 
Hyperpnea  and  heat  regulation,  123,  228 
Hypothermia,  due  to  cold  water,  371 

Immersion  foot,  368 

measures  of  prevention,  369 
Impermeable  clothing,  351 
Index  of  physiological  effect,  284 
strain,  284 

Indians,  Athabascan,  houses  of,  9 
South  American,  27 
Instruments,  physical,  277 
Insulation  and  efficiency,  431 
by  gloves,  379 
of  clothing,  water-tight,  374 
value,  253 
of  air,  144 

of  clothing,  estimation  of,  413 
optimum,  431 
Islamic  civilization,  46 
clothing,  46 

Java,  clothing,  55 
houses,  56 

physical  conditions,  topography,  53 
population  and  history,  54 
social  organizations,  55 

K’ang,  22 

Kata  thermometer,  71 
Koryak,  climate,  17 
clothing  of,  19 
houses  of,  18 
population,  17 

Laboratory  studies,  320-386 
Laws  of  radiation,  79 
of  thermal  conduction,  88 
Light  activity,  definition,  446 
Lungs,  heat  loss  from,  259 

Manikin,  electrically  heated,  362 
Maya,  civilization,  37,  58 
climate,  58 
clothing,  63 
houses,  61 
population,  59 
Met,  definition  of,  112,  446 
Metabolic  cost,  net,  definition,  446 
Metabolic  rate,  definition,  446 
Metabolism,  body  temperature  and,  221 
heat  production  and,  140 
various  activities  and,  447,  448,  449 


Metal  as  radiation  barrier,  302 
Mitten,  Washburn,  383 
Mittens,  insulation  value  of,  382 
Moisture,  absorption  capacities  of  fibers,  305 
Mongols,  23 
clothing  of,  24 
houses  of,  24 

Mosquito  protection  by  clothing,  346,  395 

Nerve  centers  of  heat  control,  119,  159,  155 
Nerve  fibers  in  thermal  sensations,  175 
Nerve  receptors,  mechanisms  of,  121 
Nervous  control  of  body  temperature,  155 
Nervous  functions  of  centers,  155 
Nervous  response  to  cold,  124 
to  heat,  122 
Newton’s  law,  78 

Nude  and  clothed  men,  comparison  of  heat 
exchange  in,  330-333 
Nude  people  exposed  to  cold,  26 
surface  temperature,  129 
Nusselt’s  number,  97 
Nylon,  measurements  on,  346 
properties,  300 
water  absorption,  305,  341 

Ohm’s  law,  89 
Operative  temperature,  281 

Pain  sensations  due  to  warmth  and  cold, 
168,  174 

Peoples,  circumpolar,  adaptation  to  cold,  4 
naked,  exposed  to  cold,  26 
non-European,  adaptation  to  climate,  3-67 
of  Central  Asia,  22 

I  eripheral  tissue,  range  of  thermal  resistance 
in,  270 

Perspiration.  See  also  Sweating. 
insensible,  198 

in  heat  control,  150 

Pierce  laboratory  thermo-integrator,  277 
Pituitary  gland  and  temperature  control,  177 
Planck’s  law,  79 
Plethysmograph,  241 
photoelectric,  241 
result  with,  253,  254,  255 
Posture  and  circulation,  205 
Psychrometer,  aspirating,  70 
sling,  70 

Pulmonary  ventilation,  227 
1  ulse  acceleration  under  thermal  stress,  268 

Radiation,  321 
clothing  fabrics  and,  301 
heat  exchange  by,  79,  195 
computation,  85 
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Radiation,  laws  for,  7!) 
nicasureinent  of,  7^ 
thermopile,  7ii 
Raincoats,  comparison,  Ilol 
evaluation,  407,  415 
Reflex  factors  in  thermal  control,  l(i;} 
Regional  heat  loss,  'sJ40-‘-2(i() 

methods  of  measuring  hlood  How,  '24;5 
Respiration,  '■HI 

changes  and  heat,  185 
Rest,  hody  temperature  at,  l'-27 
Reynold’s  number,  97 
Rwala  bedouins,  47 

Salt  loss  in  sweat,  '■218 

Sedentary  occupation,  deHiiition,  ;54() 

Sex  ditferences  in  heat  production,  141 
Shivering,  l'-25 

as  heat  adjustment,  '285 
Shoes.  See  Footgear. 

Siberia,  different  housing  in,  20 
northeastern,  climate  of,  11 
population  of,  12 

Skin,  blood  How,  measurement  of,  240 
circulation  mechanism,  208 
exposure,  and  heat  strain,  842 
radiation  emissivity,  81,  82 
Skin  temperature,  127,  247 

exposed,  measurement  of,  75 
mean,  44(i 

as  comfort  index,  282 
sweating  and,  209 
under  clothing,  measurement,  70 
wet,  evaporation  from,  154,  1!)9,  200 
Sleeping  arrangements  of  Chukchee,  14 
of  Eskimo,  10 
of  Koryak,  20 

Sleeping  bags,  evaluation  of,  300 
in  suban  tic  zone,  488,  484 
in  temperate  cold  zone,  428 
researches  on,  417 
r.S.  Army,  subarctic,  480 
Socks,  887 

in  hot  climates,  349 
in  prevention  of  trench  foot,  870 
South  American  aborigines,  27 
Spinal  cord,  conduction  of  thermal  .sensations 

in, 175 

Stefan-Holtzmann  law,  80,  195 
Strain  index,  284 

Subarctic  climate,  methods  of  clothing, 
Asiatic,  485 
Hrynje,  485 
Eskimo,  488 
Russian  Army,  485 
E.S.  Army,  485 

Subarctic  zone,  clothing  for,  4.10 
environmental  conditions,  42.) 
physiologic  conditions,  480 


Subtropics,  environmental  conditions,  408 
Sumerian  civilization,  87,  43 
climate,  48 
clothing,  45 
country,  48 
food,  44 
houses,  44 

Sunlight,  and  cold  protection,  357 
effect  of,  857 

Surface  temperature,  of  body,  changes  in,  1 10 
distribution,  129 

Surface  to  deej)  tissue  temperature,  thermal 
gradients,  182 

Sweat  glands,  number  of,  250 
Sweat  output,  measurement,  248 
Sweat  secretion,  due  to  clothing,  experiments 
on,  880,  881,  882,  883 
range  of,  278 
Sweating,  208 
control  of,  209 
evaporation  by,  198 
heat  loss  and,  153,  247 
mechanism  of,  128 
rate  of,  212 
salt  loss  in,  218 

Syrian  desert,  country  and  climate,  47 

Temcekate  cold  zone,  environmental  condi¬ 
tions,  419 

Temperate  cool  zone,  environmental  condi¬ 
tions,  408 

physiological  conditions,  410 
’remperate  zone,  clothing  for,  411 
'remperature,  air,  70 

body,  arterial  and  venous,  as  factors,  147 
deep,  measurement,  75 
distribution  and  exercise,  184 
measurement  of,  75 
sites  chosen  for,  248 
effective,  277 
definition,  445 
mean  radiant,  definition,  72 
measurement,  72,  74 
of  environment,  70 

of  surroundings  and  cold  protection,  .557 
operative,  281 

sen.sations.  See  7  hernial  sensaiion.s. 
skin,  24(5 
mean,  440 

measurement,  75,  12  ( 
wetted,  154  „  ,  ,  ■ 

Testing  of  heat  conductivity  of  clothing,  290, 

297 

Textile  fibers,  differences  in,  299,  800 
Thermal  Acceiitance  Ratio,  28.) 

Thermal  balance,  regulation  of,  118 

and  exerci.se,  117  _ 

Thermal  comfort  and  botlily  activity,  . .)‘ , 
853, 859 
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Thermal  comfort,  evaluation  of  predictions, 
;j(iO 

level  for  hand,  insulation  recpiired  for, 
379-384 

temperature  for,  35‘2 
Thermal  conduction,  88,  *204 
laws  of,  88 

measurement  of,  summary,  9'-2 
of  air,  300 

Thermal  control,  sensory  and  reflex  factors  in, 
163 

Thermal  gradients,  170,  171 

of  body  tissues,  13'2,  133,  134 
Thermal  impressions,  sensory,  280 
Thermal  insulation  of  clothing,  factors  affect¬ 
ing,  362 

methods  of  evaluation,  360 
Thermal  pain,  168 

Thermal  properties  of  clothing,  testing  of,  296 
Thermal  range  of  physiologic  response,  262 
Thermal  receptors,  169 

nerve  paths  involved  in,  174 
stimulation  of,  172 
Thermal  resistance,  density  and,  307 
effect  of  radiation  liarriers,  303 
in  peripheral  tissue,  270 
infra-red  barriers,  304 
of  fabrics,  298,  299 
Thermal  sensations,  168,  175,  280 
and  spinal  cord  conduction,  175 
mechanisms,  121 
receptors  for,  169 

nerve  paths  involved  in,  174 
stimulation  of,  172 

I  hermal  stress,  pulse  and  heart  in,  268 
summary  of  findings,  274 
Thermal  units,  296,  297 
d'hermally  Effective  Specific  Volume,  300 
Thermo-anemometer,  71 
Thermocouple,  use  of,  72 
skin  temperature  measured  by,  7() 
Thermometer,  dry  kata,  71 
for  measuring  blood  flow,  242 
globe,  73 
heated,  277 
Thermometry,  70-77 
air  movement,  71 
air  temperature,  70 
radiation,  72 

Thermopile,  radiation,  73 
limitation  of  use,  73 

Thermoregulation  and  time  sequence,  184 
Thirst,  theories  on,  216 
Thyroid  activity  and  cold,  183 

in  heat  regulation,  119,  179,  237 
Tissue  insulation,  145 


Tissues,  thermal  conductance  of,  204 
Tolerance  test  for  cold,  165 
Tolerance  time.  Hatch’s  method,  384 
Trench  foot,  370 

protection  against,  416 
Tropics,  clothing  principles  in,  338,  394 
environmental  conditions,  390 
headgear  in,  396 
physiologic  conditions,  392 

Vasoconstriction,  measurement  of,  234 
mechanism,  174 

Vasodilatation,  mechanisms  of,  122,  174 
Ventilation  of  clothing,  347 
of  Eskimo  houses,  6 
Vernon's  globe,  277 

Warmth.  See  also  Heat. 

adjustment  to,  time  sequence,  184 
Warmth,  measurement  of  environmental 
factors,  70 

sensation,  receptors  for,  169 
Washburn  mitten,  383 

Water  balance  and  temperature  control,  179 
exchange,  208 
heat  loss  in,  370 

immersion,  duration  of  survival  in,  371 
heat  loss  in,  370 
protective  clothing  in,  373 
Waterproof  fabrics,  evaluation,  407 
Water-repellent  clothing,  350 
Water-resistant  clothing,  350 
Water-tight  clothing,  374 
Wet  hot  countries,  52 
Wien’s  displacement  law,  80 
Wien’s  law,  80 
^^i^d  chill,  definition,  446 
index,  422 

Wind,  cold  protection  and,  355,  356 
effect  of,  348 
fabric  porosity  and,  308 

methods  of  measurement,  309 
Wool  fabrics,  measurements  on,  299,  300 
water  absorption,  305,  306 
^^ork,  basal  metabolism  and,  222 
body  temperature  and,  226 
definition  of  grades,  446 
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